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A geographical error 


The most suitably qualified person should secure an important post, in almost all instances. But competing 
interests among nations mean that this is not always the case in Europe. 


European organizations is not a picturesque Alpine view, but 

rather a version of a much-loved cartoon known as ‘European 
hell, in which the British are the cooks, the French are the mechan- 
ics, the Germans are the lovers, and everything is organized by the 
Italians. This gentle mockery of national stereotypes conceals a much 
more true-to-life hell of the European bodies themselves, as they try 
to function efficiently while being politically beholden to national 
interests. Too often, key appointments in European organizations, 
including those related to science, are made on the basis of national- 
ity rather than merit. 

This sometimes means that the most competent person to head a 
department will be passed over if a compatriot happens to head an 
unrelated department in the same organization. It is usual for coun- 
tries to put forward their own candidates and although few of these 
will be outright incompetent, more than a few will owe their candi- 
dature more to political circumstance than to expertise. So the right 
person for a particular job might be the wrong nationality. And the 
candidate with the right nationality may well be the wrong person. 

Take, for example, the European Space Agency, which now has 
17 member states. It offers nine directorships, plus the position of 
director-general, each of which have four-year mandates. Things are 
organized so that the big contributors such as Germany and France 
will get, on average, two top posts; others such as Britain and Spain 
will get one each; and low contributors will only occasionally get a top 
position. At the end of the day, a brilliant Portuguese astrophysicist 
with experience — and proven skill — in managing big space-science 
projects is unlikely to be considered for the coveted post of director of 
science if the director of resources management is also Portuguese. 

It’s a similar situation at the European Commission, whose current 
constitution requires that each of the 27 member states has its own 
commissioner. There is no legal quota for positions below this level, 
but in practice a sharp eye is kept on the broad distribution of jobs, 
to avoid political problems developing. It is accepted that priority 


T= poster most likely to be found hanging in the offices of large 


for the higher positions that become vacant will be given to people 
from the new member states such as Bulgaria and Romania, until a 
reasonable geographic distribution is re-established. But at least all 
commission staff must pass a tough series of exams, which ensures 
some general level of competence. 

Horse trading of positions in European organizations is a tough 
business, and is usually conducted by representatives of national gov- 
ernments who do not necessarily have the interests of the organization 


in question at heart. One of the most strik- “Too often, key 

ing examples of this is the 2003 decision ; 

of the state council of the European Pat- appointments 

ent Office to split the six-year presidency are made on the 
between two heavily promoted candidates basis of nationality 
— one from France, the other from Brit- rather than merit.” 


ain — because they couldn't decide which 

august nation to offend. With the European Patent Office struggling 
to adapt to a massively increased workload and to new information 
technologies, it was highly inappropriate to weaken its leadership 
in this way. 

Those European organizations that do fundamental research are, 
fortunately, less touched by the political interference than some of 
their counterparts. Even so, the nationality of the director of CERN, 
the European particle-physics laboratory near Geneva, is taken very 
seriously by its member states. Heads of its scientific divisions are 
selected entirely on merit, however. The European Southern Observ- 
atory seems to be free from national bias: four of its seven director- 
generals have been Dutch. 

The geographical carve-up of key European positions is unfortu- 
nately intrinsic to multigovernmental organizations. Scientists should 
be aware of this political reality and should pressure their govern- 
ments to ensure, as a minimum, that only suitably qualified candi- 
dates are put forward for significant posts. That at least will ensure 
that those with the ‘right’ nationality are unlikely to be completely 
wrong for a particular job that is important to science. a 


Safety clause 


US research on bioweapons has expanded rapidly, 
without sufficiently transparent regulation. 


n the aftermath of the September 2001 terrorist attacks, the US 
federal government wasted no time in allocating large amounts 
of resources to build facilities for research into dangerous patho- 
gens that might be used by terrorists as bioweapons. But it is now 
emerging that there are problems with the way some of these facili- 
ties operate, which suggests that the overall process has been poorly 


managed. These issues must be addressed before any further expan- 
sion goes ahead. 

As construction of the first facilities got under way, some specialists 
were warning — at least privately — that many of the labs would lack 
people properly experienced in handling ‘select agents, as microor- 
ganisms that could be used in bioweapons are now euphemistically 
called. Critics said that many of the institutions selected to host the 
labs lacked the capacity to manage the task. 

Two weeks ago, these predictions seemed to come true. On 30 June, 
the Centers for Disease Control and Prevention (CDC) in Atlanta, 
Georgia, suspended research with select agents in five labs at Texas 
A&M University in College Station. The university is home to a 
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National Center for Foreign Animal and Zoonotic Disease Defense, 
one of several such facilities established by the US Department of 
Homeland Security. 

The shutdown was the result of Texas A&M's failure to report in 
a timely manner that four members of staff had been infected by 
bacteria in early 2006. One worker fell ill from Brucella in February 
last year and two months later routine blood tests results revealed 
that three other staff members had been exposed to Coxiella burnetii. 
Both bacteria come from cattle; both are fever-causing pathogens and 
could be used in bioweapons. 

Fortunately, no one was seriously injured, nor does any disease 
seem to have been spread to the wider population. Texas A&M insists 
that it is now improving its reporting procedures. And the federal 
government is treating the incident as it has others: a bump on the 
road to better biodefence through more laboratory research. 

But a closer look at the case raises serious concerns. Texas A&M 
only got around to reporting the four exposures to the CDC on 
9 April this year. This was just one month before officials from the 
Department of Homeland Security were due to arrive on the campus 
to discuss a major new biodefence contract: the $450-million 
National Bio and Agro-Defense Facility, for which Texas A&M and its 
partner institutions are competing. The Department of Homeland 
Security, which will fund the complex, will this week narrow the 18 
bidders down to a short list of three to five, with a final decision due 
in 2009. The new facility will replace the ageing Plum Island Animal 
Disease Center, which has operated for half a century off Long Island 
in New York state. 


But even when Texas A&M made its report, neither the university 
nor the federal agencies found it necessarily to share news of the 
infraction with the general population. It was only on 26 June that the 
problem became public, when the Sunshine Project, a small watchdog 
group based in Austin, Texas, revealed 


details of the infections at Texas A&M. “The federal 

A week later, the watchdog disclosed government should 
associated problems at nine other labo- pothavetobe 

ratories nationally. prompted by activists 


Back in April 2006, an audit from 
the Office of Inspector General at the 
US Department of Health and Human 
Services reported that 11 of the 15 bio- 
defence labs it funds at universities had 
identifiable deficiencies in training, security and, most disturbingly, 
accountability. In fact, eight of the labs had accountability issues, 
including lax inventories for pathogens and inadequate controls on 
who can enter the laboratory. 

If biodefence labs are to be run safely and successfully, the regula- 
tory process needs to instil public confidence. The federal govern- 
ment should not have to be prompted by activists into telling the 
American public the truth about its workings. Many communities are 
inherently suspicious of these facilities and their mode of operation 
should be made as transparent as is realistically possible. The need 
to keep some of the technical details of the work secret should not be 
used to cover up salient facts about management and operations that 
ought to be squarely in the public domain. : 


into telling the 
American public 
the truth.” 


Hard to swallow 


Is it possible to gauge the true potential of 
traditional Chinese medicine? 


are engaged in a complex, tentative dance over the best way to 

tap into the unknown potential of traditional Chinese medi- 
cine. The scientific community and the drug industry both tend to be 
sniffy about ‘traditional’ cures; yet there is a strong sense that millen- 
nia of practice in China — much of it barely documented — is likely 
to have yielded at least some treatments that work. 

Pharmaceutical companies are understandably eager to enter a 
Chinese domestic market that was estimated by the Boston Consult- 
ing Group to be worth US$13 billion last year, and growing fast. But 
they are tantalized by one opportunity above all: the prospect that 
the nation’s traditional medicine might contain a number of poten- 
tially profitable compounds hidden somewhere in its arcane array of 
potions and herbal mixtures. 

The task of finding these elusive gems has been approached in a typi- 
cally reductionist manner, with researchers seeking single compounds 
that might have a role in treating specific diseases. Sometimes this has 
been successful: artemisinin, for example, which is currently the most 
effective treatment for malaria, was fished out of a herbal treatment for 
fevers. But such success stories have been few and far between. 


Racenne practitioners and drug companies around the world 
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So if traditional Chinese medicine is so great, why hasn't the quali- 
tative study of its outcomes opened the door to a flood of cures? The 
most obvious answer is that it actually has little to offer: it is largely 
just pseudoscience, with no rational mechanism of action for most 
of its therapies. Advocates respond by claiming that researchers are 
missing aspects of the art, notably the interactions between different 
ingredients in traditional therapies. 

Nevertheless, the drug industry is not exactly awash with promis- 
ing new medicines at the moment. Perhaps as a result, the global 
regulatory process has become increasingly receptive to traditional 
approaches. In 2004, for example, the US Food and Drug Adminis- 
tration issued new guidelines on botanical drugs that made it much 
easier to get extracts into clinical trials if there was some history of 
prior use, and that obviated the need to characterize all compounds 
in an extract. 

Some researchers in China and elsewhere, meanwhile, are advo- 
cating systems biology — the study of the interactions between pro- 
teins, genes, metabolites and components of cells or organisms — as 
a way to assess the usefulness of traditional medicines (see page 126). 
Constructive approaches to divining the potential usefulness of tra- 
ditional therapies are to be welcomed. But it seems problematic to 
apply a brand new technique, largely untested in the clinic, to test the 
veracity of traditional Chinese medicine, when the field is so fraught 
with pseudoscience. In the meantime, claims made on behalf of an 
uncharted body of knowledge should be treated with the customary 
scepticism that is the bedrock of both science and medicine. 2 
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Wheels in motion 


Phys. Rev. Lett. 98, 266102 (2007) 

Could a molecular-scale paddlewheel drive 
nanoscale liquid flows? Boyang Wang and 
Petr Kral of the University of Illinois, Chicago, 
tested the idea using computer simulations. 

The researchers modelled a paddlewheel 
made from a single-walled carbon nanotube 
with four flat molecular propellers attached 
around its circumference. As the tube spins, 
the paddles dip into a liquid layer below 
(pictured). 

It was conceivable that the paddles might 
have simply disturbed the liquid molecules 
without forcing them forward, but the 
researchers say that the motion can indeed 
induce flow. The pumping rate depends on 
how the propellers interact with the liquid. 
For example, water sticks to hydrophilic 
paddles, clogging up the flow, whereas 
liquid long-chain alkanes create problems 
because the paddles struggle to drag them 
out of their entanglements. 


NEUROSCIENCE 
Distracted by pain 


Neuron 55, 157-167 (2007) 

You might try doing some work to distract 
yourself from a toothache, but the pain will 
stop you concentrating. Neuroscientists have 
now collected the first neurobiological clues 
to the way pain comes to override the brain’s 
cognitive resources. 

Ulrike Bingel and her colleagues at the 
University Medical Center Hamburg- 
Eppendorf in Germany took images of the 
brains of 16 people who had been asked to 
identify objects in a series of clear or blurred 
pictures. During the task, some subjects were 
pricked on the hand and others were given 
memory exercises to do. 

Both types of interference lowered activity 


in the brain area known as the lateral occipital 


complex, which is involved in processing 
visual data. This reduced the accuracy of 
subjects’ object recognition. The researchers 
found that the brain regions directing this 
modulation differed for pain and working 
memory. 


CLIMATE SCIENCE 


Kept under ice 


Science 317, 111-114 (2007) 

DNA has been extracted from a silty layer 

at the base of an ice core drilled in southern 
Greenland, which reveals details of the pine 
forests and insect life the island once enjoyed. 
Found 2 kilometres down, the DNA is dated 
from between 450,000 and 800,000 years ago. 
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Greenland is known to have once been 
green — fossil plants have been found in the 
far north of the country dating to 2.4 million 
years ago. But the DNA provides the first 
evidence of what the landscape was like in 
regions now covered by ice. 

The researchers, led by Eske Willerslev 
of Copenhagen University in Denmark, 
conclude that the absence of DNA younger 
than 450,000 years old means that this 
portion of land has been covered by ice ever 
since. This contradicts most interpretations 
of the sea-level record, which suggest that 
most of the Greenland ice cap melted during 
the last interglacial period. 


Pg 
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CHEMISTRY 


Nylon from biomass 


Chem. Commun. doi:10.1039/b705782b (2007) 
Researchers in the Netherlands have 
developed a distillation process that 
efficiently turns a chemical derived from the 
cellulose-rich parts of plants into a feedstock 
from which nylon polymers can be made. 

Jean-Paul Lange of Shell Global Solutions 
in Amsterdam and his colleagues took 
y-valerolactone, made from the biomass 
derivative levulinic acid, and mixed it with 
methanol and a strong acid catalyst to form 
the nylon precursor methyl pentenoate. 

The boiling points of y-valerolactone 
and methyl pentenoate differ by 80 °C. This 
makes the product easy to distil and collect. 
Previous routes to methyl pentenoate from 
biomass involved less efficient gas-phase 
reactions. 


NANOTECHNOLOGY 


Shape shifters 


Nature Mater. doi:10.1038/nmat1957 (2007) 

Many of the potential uses of nanoparticles, for 
example as catalysts or in magnetic memories, 
demand that the particles have well-defined 
sizes and shapes. But that’s not easy to arrange 
at such small scales, and it has previously been 
largely a matter of trial and error. 

Peidong Yang of the University of 
California, Berkeley, and his co-workers have 
now shown how to control the size and shape 
of metal nanocrystals. 

When they deposit palladium on to 
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nanocubes of platinum, each cube acts as 
aseed for uniformly sized cubic palladium 
nanoparticles. Adding nitrogen dioxide to 
the mixture changes the particle growth rates 
in different crystallographic directions to give 
cuboctahedral or octahedral nanocrystals 
instead. 


MATERIALS SCIENCE 


Film conductor 


Nano Lett. doi:10.1021/n1070477 (2007) 
Science’s newest wonder material, graphene, 
can be used to make glass conduct 
electricity, say researchers led by Rod Ruoff 
at Northwestern University in Evanston, 
Illinois. Their transparent and conductive 
composite material containing graphene — 
sheets of carbon one atom thick — could find 
applications in devices such as solar cells. 
Transparent materials can be given a 
conductive coating of indium tin oxide, but 
indium is expensive. Previous carbon-based 
coatings have had problems with adhesion 
and opacity. 
Ruoff’s group combined graphene-oxide 
sheets with silica to form a solution that could 
be spin-coated quickly and cheaply on to glass. 


GENETICS 
Anemone genenome 


Science 317, 86-94 (2007) 

The genome of the starlet sea anemone, 
Nematostella vectensis (pictured below), has 
helped researchers to tease out details of early 
animal evolution. 

Daniel Rokhsar at the US Department of 
Energy Joint Genome Institute in Walnut 
Creek, California, and his collaborators have 
put together most of the 450-million base- 
pair genome, revealing some 18,000 genes. 

By comparing this sequence with those of 
distant relatives, they put together a genomic 
picture of the last common ancestor of 
cnidarians (such as anenomies and jellyfish) 
and bilaterians (such as flies, worms and 
humans). Humans and the starlet sea 
anemone seem to have kept some features of 
this putative primordial genome that have 
been discarded by flies and worms. 


MEDICAL RESEARCH 


Drugs doubled up 


Cancer Cell 12, 81-93 (2007) 
Researchers have found a way to prolong the 
effectiveness of targeted cancer therapies in a 
mouse model of lung cancer. 

The therapies gefitinib and erlotinib inhibit 
a protein called epidermal growth factor 
receptor kinase, thus shutting down tumour 
growth in some non-small-cell lung cancers. 
But the tumours soon acquire secondary 
mutations that make them resistant to 
the drugs. 

Geoffrey Shapiro and Kwok-Kin Wong 
of the Dana-Farber Cancer Institute in 
Boston, Massachusetts, and their co-workers 
show that a drug designed to combat these 
secondary mutations, HKI-272, doesn’t work 
well on its own in mice engineered to get 
cancer. But when combined with an existing 
drug, rapamycin, HKI-272 quickly fights 
back tumours, suggesting that this one-two 
punch may serve as a back-up to extend the 
benefits of targeted therapies. 


MICROBIOLOGY 


Birth of a plague 


Cell. Microbiol. doi:10.1111/j.1462-5822.2007. 
00986.x (2007) 

Scientists may have identified a step in 
the evolutionary path that produced the 
bubonic plague. 

Bubonic plague is caused by the bacterium 
Yersinia pestis, which is transmitted to 
humans by rat fleas. B. Joseph Hinnebusch 
of Rocky Mountain Laboratories in 
Hamilton, Montana, and his colleagues 
report that a related bacterium, Yersinia 
pseudotuberculosis, is toxic to fleas, causing 
diarrhoea. 

They think this toxicity is due to a protein 
that acts in the flea gut. The researchers ruled 
out Tc toxins, a class of bacterial toxins with 
known insecticidal activity, as being to blame, 
leaving the identity of the protein unknown. 

The group suggests that modification of 
the toxic protein may have enhanced flea- 
borne transmission and played a part in the 
genetic divergence of the two bacteria. 
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JOURNAL CLUB 


Michael A. Marletta 
University of California, 
Berkeley, USA 


A biochemist marvels at a 
molecule that shares his love 
of playing with fire. 


| like to capture my students’ 
attention by recounting how my 
early fascination with fire inspired 
my interest in the stability of sugars. 

Glucose will ‘burn’ to carbon 
dioxide and water, liberating lots 
of energy. But it is stable enough 
that you can stamp on it without 
triggering the reaction — the 
energy barrier to the reaction is 
too high. 

In my research, | am interested 
in how biology harnesses and 
controls oxygen reactivity. Most 
reactions, such as burning glucose, 
are held back by an energy barrier 
to getting things started. Enzymes 
can bypass this, finding a lower 
energy route through some 
reaction intermediate, to carry out 
a ‘controlled burn’. Their control 
is not perfect, sometimes causing 
damage to both themselves and 
surrounding molecules, but by and 
large it works. 

Typically, these enzymes have 
metal or organic components, 
which drive the oxidation. | often 
tell students that enzymes need 
their metal and organic cofactors 
because the 20 naturally occurring 
amino acids cannot carry out all 
the chemistry. Two recent papers 
shake that belief. 

The surprise comes from the 
enzyme DpgC, which is involved in 
the biosynthesis of the antibiotic 
vancomycin. The first paper 
(C. C. Tseng et al. Chem. Biol. 11, 
1195-1203; 2004) reports that 
DpgC uses oxygen in a complex 
dioxygenase reaction with no 
bound metal or organic cofactor. 

More recently, researchers 
reported the structure of DpgC and 
confirmed that it has no cofactor 
(P. F. Widboom et al. Nature 447, 
342-345; 2007). They find that the 
enzyme has a structure known as 
an oxyanion hole, which helps to 
stabilize the reaction intermediate. 

lam still amazed that DpgC does 
oxygen chemistry with no help 
— and my students should be too. 


Discuss these papers at 
http://blogs.nature.com/ 
nature/journalclub 
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Research at this 

South African clinic 
includes a controversial 
microbicidal-gel trial. 


HIV trial doomed by design, say critics 


Controversy over a ground-breaking study 
of an experimental HIV prevention tool has 
underscored the field’s need to revamp its 
approach to clinical trials. 

On 23 May, researchers at the Centre for the 
AIDS Programme of Research in South Africa 
(CAPRISA) began a US$13.5-million study to 
test whether a microbicide gel containing the 
antiretroviral drug tenofovir prevents women 
from becoming infected with HIV during sex. 
The trial, funded by the US Agency for Inter- 
national Development (USAID), is the first to 
test a so-called second-generation microbicide 
— one that specifically targets the AIDS virus. 

Researchers and advocates say that microbi- 
cides in the form of gels or creams, applied to 
the vagina, could provide crucial protection for 
women who cannot negotiate condom use with 
their partners. Currently, 11 microbicide candi- 
dates are being tested in clinical trials. But some 
experts are concerned that the “CAPRISA 004” 
trial, which includes 980 women at two sites in 
South Africa, is doomed because of its design. 

“The microbicide development field 
cannot afford to take a further hit; says virolo- 
gist Mark Wainberg of McGill University in 
Montreal, Canada. 

That is because three ‘first-generation’ 
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microbicides, which make the vagina inhospi- 
table to a range of microbes, have already failed 
efficacy trials, and two — cellulose sulphate and 
nonoxynol-9 — actually increased women’s risk 
of infection (see Nature 446, 12; 2007). Investi- 
gators are due to release the final analysis of the 
cellulose sulphate trial at the International AIDS 
Society meeting in Sydney, Australia, later this 
month. But scientists say the failure of that trial 
highlights the need to proceed cautiously with 
further microbicide studies. 
The most controversial issue 
in the CAPRISA trial is the 
dosage schedule. This requires 
women to apply the gel once 
within 12 hours before sex and 
again within 12 hours after sex. 
The schedule is designed for women whose 
partners are home for short periods of time, 
says study leader Salim Abdool Karim of the 
University of KwaZulu-Natal in South Africa. 
But opponents say there ist enough pub- 
lished evidence from trials in animals or 
humans to support this dosage schedule. Some 
would prefer the women to apply daily doses 
of the gel. Karim disagrees, saying that “getting 
these women to use a product every day is going 
to bea challenge.” 
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Critics say the proposed dosage regime will 
result in a poor trial outcome. “It will be hard 
to link the data to the way the gel is being used, 
which will potentially make it very difficult to 
make any interpretation of the data,” says micro- 
bicide researcher Robin Shattock at St George’s, 
University of London. 

The concern has led scientists and others, 
including Renee Ridzon of the Bill & Melinda 
Gates Foundation in Seattle, Washington, 

and Zeda Rosenberg of the 
International Partnership for 
Microbicides based in Silver 
Spring, Maryland, to call for 
the CAPRISA investigators to 
rethink their approach. Such 
concerns prompted the US 
Global AIDS Coordinator to convene a tele- 
phone conference on 6 June with scientists, 
advocates and US government agencies to 
discuss the trial design — a first for a USAID- 
funded microbicide study. 

After the telephone conference, the Office of 
the Global AIDS Coordinator declined to mod- 
ify or stop the trial. But scientists are still urging 
the CAPRISA investigators to reconsider, and 
Karim has agreed to discuss the issue further, 
at least informally with some of the critics. “We 
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have put the issue on the table and I feel we are 
on our way to resolution,” he says. 

The situation has caused leaders in the 
microbicide field to renew calls for better ways 
of reviewing and coordinating trial plans. Scien- 
tists in the field already share and discuss ideas 
and data through formal and informal meet- 
ings, but there is no mechanism for reviewing 
and disseminating plans for clinical trials. This 
means that institutions sometimes run redun- 
dant trials that are not always backed by good 
evidence, says immunologist John Moore of the 
Weill Cornell Medical College in New York. 

“Historically, the microbicide field has 
gotten it wrong by doing multiple simultaneous 
trials of similar products, and the CAPRISA 
episode represents a boiling-up of frustration 
in the field? Moore says. 

The study had already been approved by 
many bodies — including the South African 
Medicines Control Council, and ethics review 
boards convened by the University of KwaZulu- 
Natal and by Family Health International, the 
group that is running the trial. USAID staff 
decided to grant funding for the study in April 
after conducting its own internal review, says 
Jeff Spieler, senior science adviser in USAID's 
office of global and reproductive health. 

But few preclinical results have been made 
publicly available, leaving scientists and advo- 
cates uneasy about the trial. Normally, the 
development ofa product such asa microbicide 
would be sponsored by a private company, 
which would not be obligated to consult the 
public beyond regulatory agencies. But such 
companies are not interested in developing 
microbicides because they are aimed at poor 
people, so the field is funded largely by limited 
public resources. Advocates argue that this 
means the public deserves full access to all the 
relevant data. 

“We need a transparent, accessible and 
international mechanism of peer review and 
reflection for making decisions that are of 
fundamental importance to the microbicide 
field” says Lori Heise, director of the Global 
Campaign for Microbicides, an advocacy 
group based in Washington DC. 

Spieler says USAID has decided to consult 
external reviewers for future trials. And the 
National Institutes of Health’s Office of AIDS 
Research is setting up a microbicide work- 
ing group. But it is not clear whether this will 
include a broad enough range of international 
expertise to ensure that good decisions are 
made, Heise says. And others say the field is 
already facing a crucial turning point. 

“The microbicide field is drinking in the 
last-chance saloon,’ Moore says. “If it has many 
more problems, it’s finished.” a 
Erika Check 


A. JOE/AFP/GETTY 


Conserving life and livelihood 


Last week, more than 1,600 
people involved in conserving 
Earth's flora and fauna came 
to Port Elizabeth, South Africa. 
It was the first time that the 
Society for Conservation 
Biology, based in Arlington, 
Virginia, had met in Africa, 
and the setting raised a 
challenging question: does 
conservation help poor 
people? 

Some researchers think 
that conservation work will 
naturally and inevitably 
benefit local people, because 
it will sustain resources over 
time. But conserving animals 
and plants often means 
restricting access to them. 
And as Yaa Ntiamoa-Baidu, 

a Ghanaian conservationist, 
asked those gathered at the 
opening plenary session: “Do 
your conservation projects 
make a difference in village 
life in Africa?” 

To try to get some data 
with which to answer her own 
question, Ntiamoa-Baidu, who 
works with the conservation 
group WWF and the Ghanaian 
government, looked at 50 
projects in Africa. Of the 
project managers surveyed, 
92% thought that they were 
making a difference on the 
community level. But projects 
that tried to measure the 
effects — such as a wetland 
conservation project in Ghana 
that measures the number of 


new enterprises created by 
an eco-tourism effort — were 
few and far between. Hardly 
any of the 50 projects had any 
built-in way to quantify or 
demonstrate their benefits. 
“Why is it that we do not have 
concrete data to support 
this?” Ntiamoa-Baidu asked. 

In asession on the link 
between conservation and 
poverty, Peter Kareiva of 
Seattle, Washington, chief 
scientist at the Nature 
Conservancy, presented 
an analysis of almost 200 
development projects run 
by the World Bank, some of 
which had environmental 
components. Encouragingly, 
he found that development 
projects with built-in 
conservation goals were no 
less effective than those 
without them, as measured 
by the World Bank's 
evaluations. But his data 
do not address the issue of 
how effective conservation 
projects are if they include 
specific development goals in 
their remit. 

Many hope that local 

researchers will take the lead 
on conservation projects. 
“If Africans have the 
empowerment and the tools, 
they will have to make these 
decisions themselves,” says 
Jonathan Adams, also of the 
Nature Conservancy. 

In South Africa, there 
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are hopes that more black 
people will take careers as 
conservation scientists. 
According to Brian 

Huntley, an environmental 
adviser to the South 

African government, black 
conservation scientists are 
only now starting to emerge, 
more than a dozen years after 
the end of apartheid, and he 
thinks that their number will 
increase exponentially. 

But for many South 
Africans, continued poverty 
and the lingering social 
effects of apartheid are 
daunting obstacles to such 
a career. “When we were 
kids, we weren't allowed 
to go to the aquarium or 
anything like that, so how 
were we to learn that saving 
nature was important?” 
asks Mncedi Nkosi, a young, 
black, freshwater ecologist 
at Ezemvelo KZN Wildlife, a 
province-level public-private 
conservation group. “Most 
people still are more worried 
about socioeconomic 
issues, and they don't really 
understand what | do. | 
sometimes just say that | 
clean water for a living.” 

About one-third of the 700 
papers and posters at the 
conference were presented 
by Africans, according to the 
meeting's organizer, Graham 
Kerley. | 
Emma Marris 


Few development 
projects measure the 
effects they are having 
on village life. 
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SCORECARD 


McDonald's 
The fast-food giant has 
vowed to convert all its 


UK distribution trucks to run on 
biodiesel — created from its huge 
stock of cooking oil. 


Albert Gore 
Al Gore's son has 
been caught speeding 


at 160 kilometres per hour in 
a Toyota Prius hybrid car. The 
offence doubles as a handy 
demonstration of low-carbon 
technology in the week of his 
Dad's Live Earth concerts... 


NUMBER CRUNCH 


3 crew members are currently 
on board the International Space 
Station. 


6 will be the size of the crew by 
2009. 


$19 million isthe amount 
NASA has just spent on a new toilet 
system to keep them in the lap of 
luxury. 


SHOWBIZ NEWS 


The Horrible Girls from CERN 
Fans of particle-physics-based 
pop music rejoice: later this 
month, CERN — Europe's particle- 
physics laboratory near Geneva, 
Switzerland — will host its annual 
‘Hardronic Festival’, featuring 

the long-awaited return of the 
band Les Horribles Cernettes. 
Alongside hits such as Mr Higgs 
and Every Proton of You, their 
photo is rumoured to be the first 
image ever posted on the Internet. 


ON THE RECORD 


<CAnother female. It 
wasn't me.” 


The response of Michigan state 
forensic scientist Ann Chamberlain- 
Gordon during her divorce trial, when 
asked what she had found when she 
used resources from her lab to analyse 
the DNA in her husband's underwear. 


Sources: BBC, Toronto Star, Associated 
Press, motls.blogspot.com 


Austria's science 
institute gathers steam 


Austria will, after all, get the élite graduate- 
level institute it wants — even though plans 
seemed on the verge of collapse last year. 

On 12 July, an 11-member scientific advi- 
sory board was expected to approve the focus 


for the planned Institute of Science and Tech- 


nology. All research themes will 
be interdisciplinary, with focuses 
in the areas of biology, medicine 
and the physical sciences. Detailed 
research programmes will be 
defined by the institute's scientists, 
who are now being headhunted. 
The overall organizational struc- 
ture follows the example of the 
Weizmann Institute of Science in 
Rehovot, Israel. 


Haim Harari insists on 
That’s not surprising, as it is _ scientific involvement. 


advisory board and former president of the 
Swiss Federal Institute of Technology — ETH 
Zurich. 

Zeilinger has since returned to the scien- 
tific board and board of trustees, although he 
refuses to comment on the political decisions 
about the location. 

With the decision to proceed 
now firmly in place, outside 
observers also see the need to 
gather leading scientists together. 
“Now it is necessary for the Insti- 
tute of Science and Technology to 
reach a chain-reaction mass, so 
that it can get on with its work in 
the absence of closely neighbour- 
ing institutes,” says Christoph 
Kratky, a molecular biologist from 


Haim Harari, a theoretical physi- 

cist and the former president of Weizmann, 
who has been driving plans for the institute. 
Originally spearheaded by Anton Zeilinger, 
head of physics at the University of Vienna, 
the project lost steam last year when Zeilinger 
left, complaining about the influence of local 
politics. Of particular concern was the decision 
to place the institute in the town of Gugging, 
45 minutes from Vienna, at the site of a former 
psychiatric hospital. 

Harari, who joined the project in late 2005, 
insisted that politicians should give the scien- 
tific community more control over the project. 
And although the institute will still be built at 
Gugging, fears have abated that the distance 
may make it less attractive as a workplace. 
Harari says that the campus “has fantastic 
potential — when you actually go there you 
can see that”. And the institute may “come 
to life in a cloistered atmosphere,” suggests 
physicist Olaf Kiibler, chair of the scientific 


The Institute 

of Science and 
Technology will 
have an idyllic 
setting, replacing 
an existing 
psychiatric 
hospital. 
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the University of Graz and head of 
the Austrian science fund FWF in Vienna. 

The institute will not be part of the existing 
group of Austrian universities, which is largely 
seen as overly bureaucratic and not able to offer 
competitive packages to top scientists. 

Germany and Italy, whose universities 
share the same historical system, have also 
toyed with the idea of building an elite gradu- 
ate school from scratch. Germany, however, 
abandoned the idea in favour of topping up 
funding of existing universities that perform 
well, and the Italian Institute of Technology 
is floundering. 

Government and industrial sources are sup- 
porting the Austrian project to the tune of 500 
million euros over 10 years. If all goes to plan, 
the institute will eventually employ 500 peo- 
ple. With construction beginning in autumn, 
scientists who don't need complex equipment 
are expected to start work next year. a 
Carina Lenotti 


INST. SCI. TECH. AUSTRIA 


CANDIDATE DRUG FOR 


BIPOLAR DISORDER 
A designed alternative 
to lithium shows early 
promise. 
_ www.nature.com/news 


SNAPSHOT | 
Marks of i 
distinction 


During the eighteenth century, 
Giovanni Domenico Tiepolo (son of 
the more famous Giovanni Battista 
Tiepolo) was commissioned by 
the prince-bishop of Wiirzburg to 
depict the biblical story of the flight 
of the Holy Family from King Herod. i 
But did he start the series of 24 
etchings, called The Flight into Egypt, 
in his hometown of Venice, Italy, or 1 
only after he arrived in Wiirzburg, 
Germany, at around 1750? 
Art historians in Freiburg, 
Germany, have now acquired 
the technology to help 
them solve this long- 
standing mystery. The 
method allows watermarks 
to be seen in situ without 
damaging the paper in 


L 
| 
| 


which they are embedded. It 
was developed by scientists 
at the Technical University 
Braunschweig and the Fraunhofer 
Institute for Wood Research, also in 
Braunschweig, and was first tested 
last year on Rembrandt sketches. 
Paper mills have characteristic 
watermarks that are visible 
when the paper is held to the 
light, although not when they are 


obscured by ink. 
X-ray analysis can 
be used to identify obscured 

watermarks, but it needs special 
conditions to protect the paper 
from radiation. Delicate materials 
therefore usually need to be 
transported, and museum curators 
are often reluctant to do this. 

In the new method, a plate 
warmed to 35-40 °C is placed 


behind the paper for one second, 
during which an infrared camera 
captures the heat passing through 
it. The outline of the watermark 
is revealed because it lets more 
heat through than does the rest 
of the paper. The picture here 
illustrates an early etching for 
the series, together with its 
watermark (inset), as exposed 
by the thermography technique. 


Itis part of the exhibition 
Giandomenico Tiepolo: The Flight 
into Egypt, which opens this week 
and runs until 16 September at the 
Augustiner Museum in Freiburg. 
All the watermarks stem froma 
paper mill not far from Wiirzburg, 
so Domenico almost certainly 
started work on the series after he 


Alison Abbott 


arrived in Germany. a 


French universities to gain control 


“In the race against Stanford, Cambridge or 
Harvard, French universities run with their 
laces tied together and a backpack full of stones.” 
So said Nicolas Sarkozy in the run-up to the 
French presidential election, as he pledged to 
reform the country’s archaic university system. 
As the new president, Sarkozy has now person- 
ally weighed in on a reform bill that will be fast- 
tracked through parliament this summer. 

The bill, adopted by the cabinet on 4 July, 
is historic as it would make France’s 85 public 
universities much more independent, largely 
freeing them from the current centralized state 
control. 

Sarkozy has also confirmed that universities 
will receive an extra €5 billion (US$ 6.8 billion) 
over the next five years. Most people agree that 
this sum, and much more, is badly needed. 
Whereas the élite Grandes Ecoles — which 


scoop the best few per cent of students — are 
well-heeled, the underfunded universities must 
cope with most of the remainder. 

The bill would allow universities to own and 
manage their own buildings, to control their 
budgets, and to hire and set salaries as they see 
fit, all of which are currently 
controlled by the science and 
higher-education ministry. At 
present, a star biologist might 
earn no more than a philoso- 
pher of the same bureaucratic 
grade. Top international research talent often 
passes French universities by. 

The bill would also modernize governance. 
University presidents have had few real pow- 
ers, and whereas Anglo-Saxon universities 
typically form committees to headhunt the best 
leader, in France the presidents are elected by 
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“French universities 

run with their laces tied 
together and a backpack 
full of stones.” 


130 members of the various university panels, 
and can serve only one four-year term. The 
university's direction is decided largely by a 
60-strong board of directors that is often highly 
politicised. 

Under the new law, the board would be 
streamlined to 20-30 people, 
with an absolute majority 
agreeing on a president. The 
president, elected for a maxi- 
mum of two four-year terms, 
would have executive power 
over almost all university affairs. 

The bill is just the start of broader university 
reform, says prime minister Francois Fillon, 
who has described the future of French uni- 
versities as the most important item on his 
domestic agenda. a 
Declan Butler 
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Identifying drug-resistant 
tuberculosis is a global 
problem. 


Fly library boosts gene tool supply 


Researchers have developed a library of 
transgenic fruitflies that will allow them to 
investigate genes in specific tissues or develop- 
mental stages across the whole of the insect’s 
genome. The library, which consists of genes 
known as RNA interference (RNAi) transgenes, 
is described this week in Nature (see page 151). 
The transgenes act to silence their target genes, 
enabling researchers to work out the function 
of genes that would be lethal if switched off 
throughout the whole organism. 

The fruitfly Drosophila is a model organism 
for developmental biologists. And Drosophila 
researchers have been using RNAi for years, but 
typically for testing only a few genes at a time. 
“We didn’t invent anything here,’ says Barry 
Dickson, a molecular biologist at the Research 
Institute of Molecular Pathology in Vienna and 
lead author of the latest paper. “We were just 
crazy enough to go for the whole genome.’ Pre- 
viously, genome-wide screens were used only in 
cell-culture experiments, and results had to be 
confirmed in live flies. 

Now, Dickson and his colleagues have 
created a collection of 22,270 lines of transgenic 
fruitfly in which 12,088 genes can be silenced 
— about 88% of the fly’s predicted protein- 
coding genes. Each fly contains an RNAi trans- 
gene that silences a targeted gene only in the 
presence ofa protein called GAL4. Crossing 
the RNAi-containing strain with a strain that 
expresses GAL4 in a specific tissue activates 
RNAi only in that tissue. In Drosophila, unlike 
in many other insects, the RNAi signal does not 
travel from cell to cell. 

The lines offer researchers 
the chance to trawl for tissue- 
specific functions of genes 
involved in fruitfly devel- 
opment. Dickson’s lab, for 
example, studies a gene called 
fruitless that regulates mating behaviour. The 
gene’s role went undiscovered for years because 
flies lacking it don’t survive. But the auspicious 
discovery of fly mutants in which one form of 
the fruitless protein was absent in a select group 
of neurons revealed that the gene was crucial in 
triggering courtship behaviour in male flies. 

In their latest study, Dickson’s team took 
a sample of 50 genes that were lethal when 
silenced in all the fly’s cells, and silenced them 
selectively in the eye, wing or thorax. Only 
a third of the silenced genes were still lethal. 
Another third were found to cause specific 
developmental defects in the tissues in which 
they were expressed. Researchers have already 
started to use the lines to search for genes 


Tiny triumph: a collection of 22,270 lines of fruitfly are available for the study of developmental genes. 


involved in eye development, courtship behav- 
iour and the RNAi mechanism itself. 

“This library is a great, great tool,” says 
Michael Boutros, a geneticist at the Ger- 
man Cancer Research Center in Heidelberg. 
“T think it will be heavily used in the future.” 
Boutros’ lab plans to use the strains to study the 
Drosophila immune system. 

The library generated by Dickson’s group is 
available through the Vienna Drosophila RNAi 
Center, which opened in April. It already sends 
out about 2,000 strains each week. Potential 

users would do well to order 

soon, though: because the 

centre doesn’t have the funds 

to maintain duplicate lines, 

there is no back-up when a vial 

of flies dies. The facility is cur- 
rently losing RNAi strains at the rate of about 
two per week. 

That's a common problem for the Drosophila 
community, says Claude Desplan, a molecular 
geneticist at New York University. “Quite a 
number of people are coming out with large 
collections of flies,” he says. “But people don't 
know how they’re going to maintain them.” 
Dickson says he has been unable to secure 
government funding for the stock centre 
and must rely on user fees. The going rate is 
about €10 (US$14) a vial, each containing tens 
to hundreds of flies. 

Other Drosophila RNAi libraries are also in 
the works. One, created by Ryu Ueda of the 
National Institute of Genetics in Shizuoka, 
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Japan, contains 13,000 strains so far. “This is 
useful because the two projects together give 
us more strength to cover the full genome,” 
says Christophe Antoniewski of the Pas- 
teur Institute in Paris. Antoniewski has been 
using Ueda’s lines to study how RNA regulates 
gene expression, and plans to order lines from 
Dickson as well. 

A third library, still in early development, 
is being created at Norbert Perrimon’s lab at 
Harvard Medical School in Boston. Whereas 
Dickson and Ueda created their libraries by 
randomly inserting the RNAi transgenes, Per- 
rimon aims to target his transgenes to a specific 
region in the genome. This ensures that a trans- 
gene will not land in a region of the genome 
that may affect the gene’s expression. “The level 
of expression is critical? says Perrimon, “and 
expression is very position-specific.” RNAi 
transgenes that aren't fully expressed can lead 
to false-negative results. 

Meanwhile, Dickson's group has found that 
low expression of an RNAi transgene can often 
be counteracted by overexpressing a gene called 
dicer-2 that is involved in the RNAi pathway. 
“This usually helps, but it can also be danger- 
ous,” says Dickson. Overexpressing dicer-2 
can increase the risk of inadvertently silencing 
other genes. 

Such caveats are always present with high- 
throughput procedures, says Desplan. “Until 
we see how people use it, there’s a wait and see 
position,” he says. “But I’m very optimistic.” 
Heidi Ledford 
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limitations and ethical concerns that plague 
the production of human embryonic stem cells 
was unveiled late last month by a team of US 
and Russian researchers. The group managed 
to derive embryonic stem cells from an unfer- 
tilized egg — avoiding the need to use viable 
embryos. 

“This is one of the papers we've been waiting 
for, says George Daley, a stem-cell expert at the 
Children’s Hospital in Boston, Massachusetts, 
who was not part of the collaboration. But he and 
others caution that more work needs to be done 
before the method can be tried in the clinic. And 
the technique’s dependence on access to fresh, 
unfertilized eggs — a controversial resource 
— isalso likely to limit its application. 

The team, led by Elena Revazova and 
Jeffrey Janus of Lifeline Cell Technology, a 
biotechnology company in Walkersville, Mary- 
land, created embryos by activating an unferti- 
lized egg using chemicals rather than fertilizing 
it with sperm (E. S. Revazova et al. Cloning 
Stem Cells 9, doi:10.1089/clo.2007.0033; 2007). 
Some lizards, birds and insects can reproduce 
without the need for a male — a process known 
as parthenogenesis — but mammalian par- 
thenotes cannot develop past an early-stage 
embryo. Revazova and her team managed to 
get the embryos to develop far enough for them 
to yield stem cells. 

The resulting cells express the same proteins 
as normal embryonic stem cells and proliferate 
for an extended period of at least 10 months, 
the team says. The cells also seem capable of 
developing into the three primary tissue types. 
“For all intents and purposes, they are the same” 
as regular embryonic stem cells, Janus says. 

He hopes that the technique will help solve 
one of the problems associated with stem 
cells derived from embryos left over from 
in vitro fertilization (IVF) procedures. Stem 
cells derived from IVF embryos 


< a 


Who's the daddy? Parthenogenesis could provide a more acceptable way to derive embryonic stem cells. 


for women, of course, although they might 
be a good enough immunological match to 
work for relatives of the donor women too. An 
alternative approach might be to create a bank 
of parthenogenetic cells that represent all the 
immunological ‘families’ — although estimates 
for the number of cell lines this would require 
range from 50 to 1,000. 

Revazova and her colleagues next plan to 
make cells that could treat liver disease, diabe- 
tes and the eye condition macular degeneration. 
But there are potential problems. Cells express 
genes differently depending on the parent who 
provided them. So the next step is to see whether 
the parthenogenetic cells behave the same as 
normal cells once they have been turned into 
a specific tissue type, says Jose Cibelli, a stem- 

cell researcher at Michigan State 


would not be genetically matched “lam convinced University in East Lansing. 


to patients and so if used to treat 
them would probably provoke an 
immune response. But, says Janus, 
stem cells from the parthenogenetic embryos 
should be compatible with the donor’s immune 
system. He admits, however, that “this will have 
to be proven in a clinical trial” 

Daley has already done a proof-of-principle 
study in mice, in which he transplanted par- 
thenogenetic embryonic stem cells back into the 
mice without provoking an immune reaction 
(K. Kim et al. Science 315, 482-486; 2007). 

But the cells would be a direct match only 
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the work can be 
repeated.” 


Daley notes that there have been 
problems in mice. When partheno- 
genetic cells were mixed with 
normal embryonic cells to form a ‘chimaera, 
abnormalities caused poor tissue growth. “It is 
unclear whether this will be a problem if fully 
formed tissues are made in vitro and trans- 
planted into an adult,” he adds. 

Janus says the team hopes to begin safety 
trials in animals in early 2008, using retinal 
cells produced by the technique. Ifall goes well, 
similar trials in people could begin in late 2008 
for treating macular degeneration. 
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The researchers are optimistic about the 
efficiency of their technique, saying that they 
established 6 cell lines using 46 eggs from 
5 women. “I am convinced the work can be 
repeated,” says Cibelli. 

Use of the technology will be limited by its 
source: women who bear healthy eggs. The eth- 
ics of getting eggs will also bea problem. Janus 
says the team recruited donors in Russia from 
women who were undergoing IVF procedures. 
The team’s paper says no financial payment was 
made to the donors, but Janus says they did 
cover some costs of the IVF treatment. 

Last year, a team at the University of Milan in 
Italy claimed to have produced parthenogenetic 
embryonic stem cells, but their results have yet to 
be published (see Nature 441, 1038; 2006). And 
significant steps were recently made for another 
promising method of producing patient-specific 
cells using genes inserted into mouse skin cells 
to reprogramme them to an embryonic state 
(see Nature 447, 618-619; 2007). 

The method that would give cells that are the 
best match for the patient — cloning — has so 
far failed. With more than 2,000 eggs, South 
Korea's Woo Suk Hwang failed to produce a 
single cloned cell line. Ironically, he produced 
parthenogenetic stem cells — but his team 
failed to recognize them as such and carried 
out none of the analyses that could have won 
the group kudos for the achievement. a 
David Cyranoski 
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NASA offers fresh lease 
of life to old spacecraft 


NASA is planning to redeploy two craft 
that have already performed their initial 
missions. The craft will be used to hunt for 
rocky planets and to explore comets. 

The space agency will give one of the 
craft, the comet probe Deep Impact, two 
new charges. Beginning in September, it will 
measure nearby stars as giant planets eclipse 
them, looking for signs of associated rings, 
moons and Earth-like planets. Then late 
next year, Deep Impact will fly by Boethin, 

a small, unexplored comet, to follow up on 
observations of other comets. 

The second spacecraft, Stardust, which 
originally collected comet samples, will now 
head to the comet Tempel 1. It is expected to 
reach it in 2011, and measure the crater 
made when Deep Impact hurled a 
370-kilogram probe into the comet in 2005. 
The resulting debris obscured measurement 
of the crater itself at the time. 

The redeployments are expected to cost 
about $30 million each, or about 10% as 
much as new missions would do. “You get 
great science for very little risk and almost 
no cost,” says Joseph Veverka, the Cornell 
University astronomer leading the Stardust 
redeployment. 


Zurich university appoints 
chemist as rector 


The Swiss 

Federal Institute 
of Technology 
(ETH) in Zurich 
has completed 
recruitment for its 
top positions with 
the appointment 
of Heidi Wunderli- 
Allenspach, a 
chemistry professor 


Incoming rector: Heidi 
Wunderli-Allenspach. 


there, as the 
university’s first-ever female rector. 

She will work alongside the institute's 
new president, Ralph Eichler, who was 
appointed in May. Eichler, a physicist, is 
currently director of the Paul Scherrer 
Institute, a sister research institute. Both 
will take office on 1 September. 

The ETH has lately been rocked by 
internal disputes that culminated in the 
resignation of its last president, Ernst 
Hafen, in November 2006, and formal 
complaints to the government about 
perceived unfairness in the allocation of 
federal university funds. 

Wunderli-Allenspach says that this is now 
a time for consolidation and reconciliation 
— and, perhaps, for hiring more women. “It 
is not a hostile place here for women, but we 


Survey uncovers troupe of endangered monkeys 


Conservationists say that they 

have discovered the largest-known 
population of the grey-shanked douc, 
or Pygathrix cinerea (pictured), in 
central Vietnam. 

A team from Conservation 
International and the conservation 
group WWF said on 2 July that its 
members had tracked at least 116 
specimens of the endangered monkey 
species in three surveys of Que Phuoc 
Commune in Quang Nam — the 
largest number ever observed in one 
place. It is thought that there are fewer 
than 1,000 of these monkeys left. 

According to conservationists, the 
existence of this troupe increases the 
species’ chances of survival. 


have to make a bigger effort, earlier on, in 
recruitment,” she says. 


Google offers the Earth to 
help in public education 


Google has launched an initiative to help 
not-for-profit and public-sector groups, 
including scientists, use its Google Earth 
platform for public education. 

The Google Earth Outreach programme 
will provide free tools and tutorials to assist 
people with displaying complex data sets on 
Google Earth, and will also make Google’s 
own developers available to help with 
selected projects. 

Scientists will be an important target, 
says programme manager Rebecca Moore, 
adding that the goal is to “demystify” the 
computing needed to convert data for 
ready visualization. Researchers are already 
using Google Earth for some scientific 
applications, such as the modelling of 
volcanic ash plumes. But the outreach effort 
will focus on issues of broader public interest, 
such as global warming, Moore says. 


India pledges major role in 
fusion-energy project 


The Indian cabinet has formally approved 
the country’s participation as a full 
member in the ITER international fusion- 
power project, at a cost of more than 
US$625 million over ten years. India will 
supply parts such as cryostats, power 
supplies and beam diagnostics. 

The government said it would set up a 
board, whose chair will be selected by the 
Institute of Plasma Research in Ahmedabad, 
to manage its participation, the cost of which 
amounts to about one-sixth of India’s annual 
research budget. “Considering India’s large 
energy needs in the future, participation 
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in ITER will allow India to leap forward in 
terms of our capability in fusion energy,’ a 
government statement said. 

The United States, Russia, the European 
Union, Japan, China and South Korea are 
the other members of the project, which is 
being built at Cadarache, France. 


US wetlands run risk of 
losing protected status 


The Bush administration has introduced 
guidelines that environmentalist groups 
claim will strip large swaths of US wetlands 
of their protected status. 

The rules, issued last month, sparked 
the latest skirmish in a long-running 
dispute between the administration and 
environmentalists over the 1972 Clean 
Water Act. The act provides protection 
for major rivers, but not necessarily for 
wetlands that feed into them via tributaries. 
The latest guidance instructs officials at 
the Environmental Protection Agency and 
the Army Corps of Engineers to protect 
only wetlands that are directly connected to 
major waterways. 

“Most wetlands don’t have a continuous 
surface connection,” says Joan Mulhern, a 
senior lawyer with Earthjustice, a non-profit 
environmental-law firm based in Oakland, 
California. Wetlands should be protected 
irrespective of that, she adds. 


Nature wins major award in Spain 
Nature has won the prestigious Principe de 
Asturias Award, established by His Royal Highness 
the Prince of Asturias, heir to the throne of Spain. 
The award is the best-known cultural prize in 
the Spanish-speaking community. The awards 
honour individuals, groups or institutions whose 
creative work or research represent a significant 
contribution to universal culture in the scientific, 
technical, cultural, social and humanistic fields. 
Nature shares the 2007 Award for Communication 
and Humanities with the journal Science. 
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Technical advice 


Scientists tend to complain that Congress rarely pays heed to what they have to say. But the issues are 
often as much about values as they are science, says David Goldston. 


scientists? This question has been 

mired in controversy ever since the 
Republicans abolished the Office of Technol- 
ogy Assessment (OTA) in 1995 when they took 
control of Congress. The office was set up by 
Congress in 1972 to write reports on techni- 
cal issues, and the resulting documents were 
regarded highly by science-policy experts. The 
Republicans killed the OTA mainly to save 
money — it had been receiving about $20 mil- 
lion annually in its final years — although some 
conservatives also complained that the agency 
dispensed biased advice. 

The Democratic takeover of Congress in 
last year’s elections revived the hopes of those 
pushing for the OTAs re-establishment. Last 
month, however, the Democrats decided that 
it would be too costly to include money for the 
agency in next year’s appropriations. As an 
alternative, the spending bills include funding 
— $2.5 million in the House bill and $750,000 
in the Senate version — for the Government 
Accountability Office (GAO), an investiga- 
tive arm of Congress, to work on technology 
assessments. In recent years, the GAO has 
undertaken a number of technology studies at 
the request of Congress, but the results have 
received scant attention. 

For many US scientists, the demise of the 
OTA has taken on inordinate symbolic sig- 
nificance. Scientists often suggest that in 
eliminating the agency, Congress chose a path 
of wilful ignorance that has led to poor deci- 
sions over the past decade. But has the absence 
of the OTA really hampered policy-making? 
Not particularly. Congress is awash with infor- 
mation provided by scientific groups, and it 
still formally seeks scientific guidance — par- 
ticularly from the National Academies, which 
arguably have more prestige and credibility on 
Capitol Hill than the OTA had. And reports 
from the academies can make a difference. For 
example, the 2006 report on the palaeoclimate 
record, specifically on the ‘hockey-stick graph 
(see Nature 441, 1032-1033; 2006), helped qui- 
eten congressional debate over whether recent 
decades have been unusually warm. 

Other reports have been equally prominent, 
ifless decisive. The academies 2002 report on 
fuel-economy standards has become the bible 
on that subject, although, like the Bible, it is 
quoted by all sides. That's partly because of the 
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report itself — it concluded, for example, that 
the standards had cost lives in the past but that, 
because of new technology, they needn't in the 
future — but it is also because scientific infor- 
mation does not usually point ineluctably to a 
single conclusion on policy. 

Policy-making needs to be informed by 
both science and values. Is stem-cell research 
ethical? That’s not a science question, although 
one needs to understand the potential of 
stem-cell research to answer it. Should clean- 
air standards be strengthened? That is not a 
science question, but one needs to know what 
researchers think the health impacts of dirtier 
air would be. 

Often, when scientists complain that Congress 
is ignoring science, what they really mean is that 
Congress is making policy calls they don't like. 
The notion that Congress would make different 
decisions if the OTA were around is another way 
of saying: “If you knew what I know, youd think 
what I think.” That's a dangerous fallacy. And 
it’s a fallacy Congress itself tends to perpetuate, 
because in today’s polarized environment, poli- 
ticians on all sides like to claim that their views 
are the only ones backed by science. 

That's not to say that Congress doesn’t ever 
simply ignore science. But the idea that Con- 
gress would have acted more responsibly about, 
say, climate change if the OTA had been around 
is absurd. Congress has not lacked information 
about climate change. Scientists can lead con- 
gressmen to information, but can't make them 
think. Otherwise, the 2001 National Academy 
of Sciences climate report completed at the 
request of President George W. Bush would 
have been enough to alter the climate debate 
in Congress. 
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But climate change is an atypical issue in 
that for so long Congress was debating a purely 
scientific question — is climate change real? 
— and was largely impervious to an unusually 
broad scientific consensus. Now that Congress 
is asking for scientific advice on climate, it may 
be about to err in the opposite direction. 

A House spending bill would hand over 
to scientists the decision on how to allocate 
$45 million among federal agencies for cli- 
mate adaptation and mitigation. Specifically, 
the decisions would be made bya panel chaired 
by the president of the National Academy 
of Sciences — who would also choose six of 
its members — and would include the heads 
of seven federal agencies and the president 
of the National Academy of Engineering. The 
Senate counterpart to the bill does not have 
a similar provision, and it’s too early to know 
whether Congress will ultimately create 
the panel. 

But the proposal sets a bad precedent. How 
to spend money on climate adaptation is not a 
purely scientific question, and the federal gov- 
ernment should not be delegating its decision- 
making on it to a group of private scientists 
(who would be a majority on the commission) 
with no accountability to the public. Moreover, 
leadership of the panel by the National Acad- 
emy of Sciences would make the academy seem 
biased if it later evaluated the resulting pro- 
grammes, which is its traditional role. Worse 
still, the academy would be likely to tarnish its 
reputation as an expert arbiter of scientific dis- 
putes related to policy decisions if it started to 
make policy decisions itself. 

Congress should do everything possible to 
hear from scientists. That’s why re-establish- 
ing the OTA is a worthy idea even though its 
consequences would be less far-reaching than 
many scientists think. But Congress and scien- 
tists need to stop pretending that science alone 
can determine policy decisions. Claiming that 
a particular policy approach is the only one 
justified by science simply opens science to 
attack, while muddling discussion of the val- 
ues issues at stake. In the long run, Congress 
may do more harm to science by setting up the 
proposed climate adaptation panel than it ever 
did by closing down the OTA. a 
David Goldston is a visiting lecturer at 
Princeton University’s Woodrow Wilson 
School of Public and International Affairs. 
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Civil aviation faces green challenge 


As a fast-growing emitter of greenhouse gases, the aviation industry is under intense 


pressure to improve its fuel efficiency. Kurt Kleiner surveys its options. 


ast Sunday, Boeing rolled out its latest air- 

liner, the 787. It boasts 20% improvements 

in fuel efficiency, and is the first large air- 
liner whose main structure and skin is built 
of light, carbon-fibre composites, instead of 
metal alloys. But the industry, under pressure 
over its role in global warming, is scrambling 
to improve efficiency yet further. 

“Our goal is to take the industry to the next 
level, with respect to environmental responsi- 
bility,” says Anthony Concil, a spokesman for 
the International Air Transport Association. 

At last month's Paris Air Show, this effort took 
centre stage. Airbus called for global collabora- 
tion on the technical challenges ahead. Giovanni 
Bisignani, director-general of the International 
Air Transport Association, said there should be 
a “zero-emissions” plane by 2050. 

Civil aviation accounts for about 3.5% of 
total greenhouse-gas emissions, according 
to the Intergovernmental Panel on Climate 
Change, but this could rise as air travel becomes 
more popular. And the pursuit of greater fuel 
efficiency is also being driven by airlines’ fuel 
bills, given the high price of oil. “We know that 
in order to be able to market a new aircraft, it 
must be between 15% and 25% better in fuel 
consumption than the aircraft it’s going to 
replace; says Rainer von Wrede, director of 
environmental affairs at Airbus. 

One place that Boeing and Airbus, which 
between them build all of the world’s large 
civilian airliners, look for such improvement 
is in aeroengines. Today’s civilian jets use 
turbofans, in which a gas turbine at the rear of 
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the engine drives a fan mounted just in front, 
which provides most of the thrust. A turbofan 
is quieter and more energy efficient than a pure 
gas-turbine engine, in which the thrust comes 
entirely from the jet of hot air shooting out the 
back. Efficiency will be increased if these fans 
are made bigger. But as they expand, so do the 
ducts that surround them, and their increased 
weight and drag soon cancels out the advantage 
of the bigger fan. 

In an EcoJet proposal also unveiled at Paris, 
British budget airline EasyJet suggested a plane 
that would halve carbon diox- 
ide emissions per passenger 
mile by 2015. It proposes using 
open rotors, in which the duct 
is eliminated. The bigger fans 
that this makes possible could 
create an engine that is 15% more efficient, says 
David Clarke, head of technology development 
at engine-maker Rolls-Royce in Derby, UK. 
But eliminating the duct increases noise — and 
leaves less protection for the cabin in the event 
that a blade fails. EasyJet suggests position- 
ing the turbofans above and behind the plane, 
where the tail and body would block the noise 
to the ground, and where a broken blade would 
miss the cabin. 

A similar increase in efficiency could come 
from a geared turbofan. Ina conventional turbo- 
fan, the gas turbine in the back of the engine 
turns the fan directly by means ofa shaft. The 
fan is most efficient, though, at a much slower 
rotational speed than the most efficient speed 
for the turbine. Conventional engines are 
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forced to operate at a compromise speed. 

Pratt & Whitney, a jet-engine manufacturer 
based in Hartford, Connecticut, is already test- 
ing a new engine that places a gearbox between 
the turbine and the fan. It allows the fan to run 
at a third of the speed of the turbine, and will 
give a 15% increase in efficiency, says Bob Saia, 
head of next-generation products there. 

Beyond the engines, airliner makers are 
looking to better body designs to improve 
fuel efficiency. The simplest improvement is 
to make existing body designs lighter. The 

Boeing 787, which is expected 

to fly commercially next year, 

is leading the way in this regard, 

using carbon-fibre composites 

for its entire airframe. Stronger 

composites, reinforced by 
carbon nanotubes, are widely regarded as the 
next step. 

Engineers are also using computer simulation 
to further reduce drag from airliners. The wings 
on the latest version of the Boeing 737 generate 
30% less drag than the ones they replaced, says 
Bill Glover, director of environmental perform- 
ance strategy for Boeing in Seattle, Washington. 
Increasingly powerful simulation tools prom- 
ise even better designs, adds Hans Weber, an 
aviation analyst with Tecop International in 
San Diego, California. This allows engineers 
to vet sophisticated new designs thoroughly 
on computer, before embarking on the much 
more costly business of building prototypes for 
tests in wind tunnels. 

Additionally, manufacturers are toying with 
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radical body concepts, such as the blended 
wing-body that was pioneered in the US Air 
Forces’ B2 stealth bomber. In these designs 
the tube-like fuselage and tail are eliminated, 
turning the entire aircraft into a lift surface. 
A blended wing-body design currently being 
ground-tested by Boeing and NASA (pictured) 
promises a 20% fuel reduction. But industry 
watchers are unsure if passengers would accept 
such a design: theyd have to sit in a wide, win- 
dowless compartment, and those near the wing 
ends would be shaken up and down whenever 
the airliner banked. Airport gates would also 
have to be entirely redesigned to accommodate 
such a plane. 


Fuelling change 

The industry is also looking at how new fuels 
could help it to assuage environmental con- 
cerns. Biofuels have obvious attractions — 
provided the public accepts that their growth 
and combustion are generating no net carbon 
emissions. Bioethanol, the most popular bio- 
fuel for car engines, will freeze at high alti- 
tudes, but biodiesel and biobutanol could each 
be burned in conventional turbofan engines. 
Richard Branson, chairman of London-based 
Virgin Airlines, pledged to fly a commercial 
jet on biofuels in 2008, and is working with 
Boeing and the aeroengine division of General 
Electric to test candidate fuels. 

The ultimate zero-emissions fuel may prove 
to be hydrogen, which could easily be burned 
by conventional jet engines with no carbon 
emissions. First, the world will have to figure 
out how to make and distribute hydrogen 
cheaply and safely. And even given that, planes 
would require a redesign. Although liquid 
hydrogen provides three times the energy of 
the same weight of kerosene, it takes up seven 
times as much space. That would require air- 
craft with bigger fuel tanks, as well as the insu- 
lation to keep the liquid cool. 

Once a plane exists with the cooling equip- 
ment that allows it to use liquid hydrogen as 
fuel, the potential exists for a more efficient all- 
electric plane, says Gerald Brown, a physicist 
at NASA Glenn Research Center in Cleveland, 
Ohio. Conventional generators are too heavy 
to be efficient on aircraft. But with a source 
of cold hydrogen, a superconducting genera- 
tor and electric motors start to make sense, 
he argues, and might be more efficient than 
today’s turbofans (P. J. Masson et al. Supercond. 
Sci. Technol. 20, 748-756; 2007). 

In the end, the aviation industry will seek to 
combine all of these approaches in a concerted 
bid to head off accusations that its rapid growth 
is spurring global warming. “We have a lot of 
creative people with a lot of great ideas. Id say 
nothing’s off the table,” says Boeing's Glover. m 
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BRAZILDEAL Abbott Laboratories, the Illinois-based drug company, reached 
agreement with the Brazilian government to sell its AIDS drug Kaletra there for a 
reduced price — lifting the threat that Brazil might license it compulsorily. On 4 July, the 
company said it would sell it there for $1,000 per patient per year, down by about 30%. 
Abbott has drawn criticism from AIDS activists for its approach to marketing Kaletra in 
Thailand, where it has withdrawn an application to sell a heat-stable version of the drug 
(see Nature 448, 14; 2007). 


ALLINHAND A 2,000-page guidebook has been compiled to help specialists in 

public health and agriculture to navigate their way through the thickets of intellectual 
property. The /PHandbook (www.iphandbook.org) has been produced by two non-profit 
organizations that specialize in opening up access to intellectual property in health and 
agriculture, respectively, as a resource for scientists and government officials, especially 
in poor countries. Support from the Rockefeller Foundation and other sponsors will 
permit its free distribution in low-income nations. 


FLOAT ABANDONED A company seeking to develop medical technologies at the 
University of Liverpool, UK, withdrew plans for an initial public share offering on 
London's Alternative Investment Market (AIM). ULive, which has been seeking to exploit 
intellectual property developed at the university's labs, had hoped to raise £20 million 
(US$40 million) in late June, in a flotation that would have valued it at £70 million. But 
the number of initial public offerings on the AIM is down by half on last year, and lack of 
investor interest in recent offerings from small companies led ULive to withdraw its plan. 


MARKET WATCH 
BIOTECHNOLOGY STOCKS 
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This week Wood Mackenzie, an Edinburgh- 
based research and consulting firm, reviews 
recent trends in biotechnology stocks. 

The Nasdaq biotechnology index 
experienced a choppy ride — overlying a 
general, downward trend — during May 
and June. The index lost more than 4% 
of its value, although it is still up nearly 
2% on the start of 2007. By contrast, 
broader market indices made modest 
gains during the same period. 

As it is weighted according to market 
capitalization, the biotechnology index 
is closely tied to the fortunes of its 
largest component company, Amgen. 
The Californian company has suffered 
from concerns in the United States over 
the safety of erythropoiesis-stimulating 
agents in cancer treatment, of which 
Amgen has two: Epogen and Aranesp. 
Investors reacted badly to the threat 
to Amgen’s largest franchise, which 
accounts for about half of the company’s 
sales. The company's share price fell, 
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and was down nearly 12% over the 
period (see Nature 447, 899; 2007). 
Other companies in the cancer market 
have had misfortunes, too. In early May, 
the US Food and Drug Administration 
(FDA) said it would require more 
data before approving a therapeutic 
prostate cancer vaccine, Provenge, 
under development by Seattle-based 
Dendreon. Its shares fell more than 
60% on the news, wiping out gains 
made in March. And in early June, the 
FDA temporarily halted all clinical trials 
for the ovarian cancer drug candidate 
Telcyta, on safety grounds. Shares of its 
developer, Telik of Palo Alto, California, 
lost almost half their value on the news. 
Summer is customarily a slow time 
for stock markets in general, and 
biotechnology shares in particular. 
This year, Amgen's misfortunes are 
unsettling investors, with many of the 
smaller companies in the biotech sector 
involuntarily joining in the slide. | 
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Reading the 
book of death 


Studies of mass extinctions tend 
to emphasize the sheer scope of 
the carnage. But subtle differences 
between the species that died and 
those that survived can be crucial, 
finds Nick Lane. 


he extinction at the end of the Permian period, 

some 251 million years ago, is the most fascinating 

mass-murder mystery in Earth's history. Simply 

put, a party or parties unknown killed off up to 
96% of all species then alive. Palaeontologists and Earth- 
system scientists have suggested any number of possible 
culprits, from a comet or asteroid collision to a collapse of 
the ozone layer, from a dramatic suite of volcanic eruptions 
to ocean waters bubbling with sulphurous fumes. 

Given that the evidence for an impact, although cham- 
pioned by some, seems sketchy and inconclusive to the 
majority, the most dramatic of these suspects is volcanism 
— the sequence of eruptions that gave rise to the basalts 
of the Siberian Traps. The scale of the eruptions was vast, 
with something like 3 million cubic kilometres of basalt 
flowing on to the surface, and the main lava flows took 
place at almost exactly at the same time as the end-Permian 
extinction itself, give or take a few hundred thousand years. 
The vast clouds of gas and ash they spewed out look like the 
smoke from a very large gun indeed’. 

But if the erupting traps look increasingly like the trigger 
for the great die-off, how did they actually do their damage? 
The fiery birth of a small continent’s worth of new landscape 
can change everything from the brightness of the sky to the 
chemistry of the oceans. How can scientists work out which 
of these effects were inconveniences, and which were fatal? 

One answer is to study not the volcanoes, nor their vic- 
tims, but the creatures that survived. A mortality rate of 
96% sounds pretty indiscriminate — but recent physiologi- 
cal comparisons between the creatures that died and those 
that survived reveal intriguing patterns”. And these patterns 
do not just provide clues as to how the great dying actually 
unfurled. They also reveal how the extinctions at the end 
of the Permian period shaped the subsequent history of the 
world that the survivors inherited. 

Until recently, perhaps the most popular ‘kill mechanism’ 
evoked for the extinction was global warming’. Volcanic 
carbon dioxide, so the story goes, raised temperatures 
enough to destabilize vast reserves of methane hydrates 
in the sea floor, pumping temperatures up further. But 
although there's little question that global temperatures 
rose at the end of the Permian by as much as 6 °C, there are 
problems with this picture. 
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“Animals have 
too many 

places to hide 

on land, and in 
the oceans they 
could easily 
escape ozone 
collapse." 

— David Beerling 


Among the things to go extinct at the end of the Permian 
are a lot of plants. There are plausible arguments as to how 
temperature could kill off animals — for example, it would 
force a higher metabolic rate on them, requiring an increase 
in their calorie intake that they might simply not have been 
able to satisfy. But there’s no obvious reason why such heat 
would damage plants. What's more, the physiology of the sur- 
vivors doesn't fit the story. Animals that seem to have started 
off with higher metabolic rates suffered less than those with 
slow metabolisms. Other things being equal, you might 
expect animals that are already generating more heat in their 
own bodies to do worse when things heat up further. 

Another possible kill mechanism is a collapsed ozone 
layer. Mutant pollen and spores in sediments from the time 
of the extinction hint at an increase in ultraviolet levels 
brought about bya dearth of ozone. David Beerling, a plant 
physiologist who concentrates on palaeoclimate issues at the 
University of Sheffield, UK, says his eyes were opened to this 
risk when he learned that a NASA aircraft flying through 
the plume above the 2000 Hekla eruption in Iceland showed 
substantial amounts of hydrochloric acid had been injected 
directly into the stratosphere. Simulations by Beerling and 
his colleagues at Sheffield and the University of Cambridge, 
UK, suggest that the Siberian Traps could have removed 
70% of the ozone shield from the Northern Hemisphere, 
enough to do serious environmental damage’. 

Even so, Beerling doubts that an ozone collapse was 
responsible for the mass extinction: “Animals have too 
many places to hide on land, and in the oceans they could 
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easily escape the worst of it,” he says. And as with global 
warming, an excess of ultraviolet radiation does not seem 
to fit the pattern of survival that is actually seen. Living deep 
in the sea doesn't seem to have helped. 

But better ways of breathing, which are often seen in crea- 
tures with a higher metabolic rate, did. In the sea, creatures 
with gills and an active internal circulation, such as snails, 
clams, crabs and fish, fared better than stationary filter feed- 
ers. A similar pattern holds on land, with groups that were 
not so good at pumping air through their respiratory sys- 
tems — such as the giant dragonflies iconic of pre-Permian 
times — suffering disproportionately. These patterns focus 
attention not on harsher sunlight, but on tainted air. 


Oxygen collapse 
One possible factor is a worldwide dearth of oxygen. It 
used to be thought that today’s oxygen level of 21% had 
remained fairly constant over geological time. But in the 
late 1980s, Robert Berner of Yale University in New Haven, 
Connecticut, shocked the establishment by arguing that 
in the Carboniferous period that preceded the Permian, 
300 million years ago, the oxygen level had reached 30% 
or more, and that it had then fallen dramatically to a mere 
13% in the late Permian and the early part of the subse- 
quent Triassic. But after a few refinements, Berner’s models 
for this period have been widely accepted. 

Berner blames the oxygen collapse on another spate of vol- 
canism that predates the Siberian Traps by eight million years 
or so. The warming those eruptions triggered, he argues, 
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would have brought about more arid conditions, drying out 
some of the coal swamps of the time. It had been the capacity 
of those swamps to bury organic carbon where it could not 
be respired back into carbon dioxide, which had accounted 
for the high oxygen levels. As the swamps dried out, less 
organic carbon got buried this way, and so more was respired 
back to carbon dioxide — using up oxygen in the process. 
Over millions of years the slower rate of carbon burial drew 
oxygen levels down to an unprecedented low point’. 

The falling oxygen levels Berner describes would have 
restricted the geographical range of many land animals®. 
Most animals have an ‘altitude ceiling’ above which they can't 
flourish (for humans it’s 5.1 kilometres). As oxygen levels 
dropped in the later Permian, so these ceilings would have 
pressed down on the creatures beneath them. According 
to palaeontologist Peter Ward of the University of Wash- 
ington in Seattle, for creatures that had evolved in a high 
oxygen world, modest hills of just a few hundred metres 
could have become impassable barriers. 

In the oceans, too, the habitable zone would have shrunk 
as oxygen levels fell. Global warming would have made mat- 
ters worse, as oxygen is less soluble in warm water than in 
cold. Such effects are still visible in the world today. This 
January a study of fish populations in the North Sea showed 
that, among eelpouts (Zoarcidae), the size of both popula- 
tions and individuals shrinks when increased temperatures 
lessen the oxygen supply’. 

Palaeontologist Richard Twitchett, at the University of 
Plymouth, UK, thinks that something similar happened 
in Permian times. His evidence comes from the species 
that seem to vanish at the end of the Permian, only to start 
cropping up again after a hiatus of millions of years — the 
‘Lazarus taxa. A startling 70% of the gastropods found in the 
mid-Triassic seem to have ‘risen from the dead’ in this way. 
Twitchett thinks that their populations became so small 
that random chance expunged them from the fossil record. 
Things didn't pick up for the gastropods until oxygen levels 
started to pick up, well into the Triassic®. And when they 
did re-emerge, they were smaller — they have something 
of Lilliput, as well as Lazarus, about them. 

But for all this it is hard to pin the mass extinction proper 
on oxygen. From a physiological point of view, the species 
most likely to survive low oxygen would seem to be those 


Extinction victim: Dinogorgon rubidgei, a mammal-like reptile. 
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with alow metabolic rate — and yet the stationary filter feed- 
ers, which fit that bill, fared disastrously. And then there’s 
the timing. The trends in atmospheric oxygen levels were 
slow, reflecting changes in the rate at which organic mat- 
ter was buried over millions of years. By contrast, detailed 
analyses of the strata in which the fossils are preserved show 
that the extinction was abrupt, with most species disap- 
pearing in a few tens of thousands of years’. As Andrew 
Knoll, a palaeontologist at Harvard University in Boston, 
Massachusetts, puts it: “If you've got gradual changes taking 
place over millions of years, I'd expect organisms to adapt; 
but if the changes take place in 10,000 years, I'd bet on the 
environment to club them?” 


Killer carbon 
Low oxygen must have placed life in a precarious position, 
but something else pushed it over the edge. Anda good clue 
to the culprit is a series of unusual shifts in carbon isotopes 
found in strata worldwide, corresponding closely to the 
exact time of the extinction. 

This series of spikes in the carbon-isotope level suggests 
that strange things were happening to the carbon cycle at 
this time. The anomalies — sudden upswings in the ratio of 
lighter carbon-12 to heavier carbon-13 — are too big to be 
explained by changes in the total amount of biomass (which 
tends to be carbon-12 rich). The most plausible explana- 
tion would be bursts of methane. But sea-floor methane 
hydrate reserves would not be up to the job. There are five 
distinct spikes in the record between the latter part of the 
Permian and the early Triassic. According to Jonathan 
Payne at Harvard University and his colleagues, although 
sea-floor hydrate reserves might account for one such spike, 
they could not be replenished quickly enough for a whole 
succession”. 

Greg Retallack of the University of Oregon in Eugene 
points to a different source. In both the Siberian Traps and 
the earlier volcanism, lava rose to the surface through both 
carbonate rocks and coalfields. Hot lava pass- 
ing through coal measures breaks down some 
of the heavy hydrocarbons into methane, and 
although this ‘thermogenic methane is not 
as light, isotopically speaking, as the stuff on 
the sea floors, it is light enough to explain the 
isotope spikes”. 

At a time when oxygen levels were already 
stressing animal life, such large injections of 
methane, which would oxidize into carbon 
monoxide and carbon dioxide, could have 
killed animals through simple asphyxia- 
tion. As for the plants, Retallack points out 
that those that did the worst were in swamps, 
which were low in oxygen anyway, so their 
roots asphyxiated. 

The need to deal with high levels of carbon 
dioxide could explain various aspects of the 
survivors’ physiology, including subtleties 
at the molecular level. Knoll is intrigued by 
a subtle difference in pigment use between 
the squid-like ammonoids, which died out, 
and the creatures from which today’s spiral- 
shelled nautilus is descended. Animals use 
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“Even if death 
doesn't get 
you right away, 
you're unlikely 
to have much 
spare energy 
for sex.” 


Eruptions, such as Hekla’s, could cause ozone depletion. 


respiratory pigments such as haemoglobin to get oxygen 
from the lungs or gills to the tissues that need it, and to 
remove the resulting carbon dioxide. When carbon dioxide 
levels get too high, some such pigments will cease to work 
properly, unable to remove the bodily carbon dioxide with 
which they are encumbered or to pick up more oxygen. The 
nautilus, Knoll notes, has a pigment that deals well with 
high levels of carbon dioxide. The closest living relatives of 
the ammonoids, the coleoids — soft-bodied cephalopods 
such as squid and octopus — do not. 

Their unhelpful pigments might not have been enough 
to doom the ammonoids — but as shell makers they had 
other problems too. One of the effects of increasing carbon 
dioxide is that sea water, like soil, becomes more acid. Shell 
formation, Knoll argues, is repressed if carbon dioxide levels 
cause organisms to lose control over their systems for deal- 
ing with such acidity. The groups least good at regulating 
acidity seem to have been particularly badly hit at the end 
of the Permian. So were those creatures that needed their 
shells to channel water over their gills. 


Sulphur survivors 

The case for a significant amount of asphyxia is strong. 
But global warming and low oxygen would have brought 
another deadly gas into play. Hydrogen sulphide is pro- 
duced in vast quantities by bacteria that gain their energy 
from sulphate, and that thrive only in very low oxygen con- 
ditions. Today, these conditions are prevalent only in closed 
basins, most strikingly that of the Black Sea. But there's 
plenty of evidence to suggest that such conditions applied 
much more widely at the end of the Permian. 

Lee Kump, a geochemist at Pennsylvania State University 
in University Park, argues that sulphidic deep waters could 
have crept higher and higher up the water column, killing 
everything they encountered and creating what is evoca- 
tively named a ‘Strangelove ocean. When they reached the 
surface they would have released poisonous gas straight 
into the air’. Last year, biomarkers unique to 
‘green sulphur’ bacteria, which make use of 
sulphide for photosynthesis and cannot tol- 
erate oxygen, were found in some sediments 
from the end of the Permian, suggesting that 
oxygen-free waters got close enough to the 
surface for photosynthesis to take place”’. 

The effects of hydrogen sulphide escaping 
from the oceans would in all likelihood have 
been local, not global, and Beerling’s models 
suggest that no plausible level of the gas could 
have damaged the ozone layer, as had been 
suggested. But it would have been another 
challenge for stressed ecosystems. 

So with dangerously low atmospheric oxy- 
gen levels, ecosystems were compressed and 
fragmented. The deep oceans were largely 
uninhabitable. Land plants were dying back 
in the arid greenhouse climate, making food 
hard to come by. And then came the hammer 
blows of fate, the greatest volcanic outpour- 
ings in the history of our planet, releasing vast 
quantities of methane and carbon dioxide, rais- 
ing global temperatures by 6 °C, and lifting the 
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Strangelove conditions to the very surface. 

Head for the hills and there's no oxygen; 
stay on the shores and you risk breathing 
hydrogen sulphide. High carbon dioxide 
levels sabotage your respiratory pigments 
and choke you from within. Even if death 
doesn’t get you right away, youre unlikely to 
have much spare energy for sex. Population 
sizes fall; so do body sizes. Even for those that 
survive the immediate toxicity, slow extinc- 
tion was likely over a few generations — the 
blink of an eye in geological terms. 

And the resultant catastrophe shaped 
the rest of the planet’s history. According 
to research by Peter Wagner and his col- 
leagues at the Chicago Museum of Natural 
History in Illinois, life in the seas before 
the extinction was split roughly 50-50 
between simple marine ecosystems 
dominated by sessile filter-feeders, 
such as today’s sea lillies, and more 
complex systems in which larger num- 
bers of species moved around and 
interacted. After the extinction and 
the subsequent recovery, complex 
ecosystems outnumbered simple ones 
by three-to-one™. That has remained 
pretty much the case ever since, the 
patterns of biodiversity reflecting 
the extinction bottleneck that a 
few creatures squeezed through 
with frantically fluttering gills. 

The situation was similar on the continents. 
The hardiest group of reptiles was the cyno- 
donts, from which mammals are descended. The 
squat, flat-faced Lystrosaurus, with its breathing 
aided bya bony palate separating the mouth from ‘ Pie) 
the nose and a barrel-chest with a muscular dia- WS = 
phragm to help deep breathing, went on to dominate 


the Triassic. Cynodonts also enjoyed the benefits of nasal around us today. The genetic memory of a 

turbinate bones. those times is etched in our physiology — and in the g 
Some turbinates are linked with fast metabolic rates in living fabric of our world. Lo 

warm-blooded creatures, as they restrict water loss during Nick Lane is the author of Power, sex, suicide: Mitochondria 

rapid respiratory ventilation. In the early Triassic, though, and the meaning of life. 

they might have restricted water loss in hyperventilating 
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conditions ona daily basis — creatures used to burrow- no oxygen; 9. Jin, Y.G. etal. Science 289, 432-436 (2000). 

ing on land, or scavenging in the stagnant muds of ocean ' 10,Payne, J. L. et al. Science 305, 506-509 (2004). 
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Traditional Chinese medicine and Western science face almost irreconcilable differences. 
Can systems biology bring them together? Jane Qiu reports. 


iu Wen-long’s modest Beijing practice 
looks no different from most clinics. 
But he is no ordinary doctor. Liu never 
orders lab tests, nor does he prescribe 
high-tech imaging diagnostics. He relies on 
simple observations, checking a patient's pulse, 
complexion and odour, and asking about hab- 
its and medical history. At 69 years old, he has 
been practising traditional Chinese medicine 
for 43 years and he is resolute about its bene- 
fits. “People keep coming back because it cures 
them and improves their well-being, he says. 
Indeed, patients trickle in to see Liu all morn- 
ing for conditions ranging from allergies to lung 
cancer. Some are nervous first-timers, others are 
regulars, confident in what traditional Chinese 
medicine has to offer. Ms Huang, an accountant 
from the outskirts of Beijing, is delighted that 
her migraines, which haunted her for years, dis- 
appeared after three herbal regimens. “I used to 
live on painkillers and felt tired all the time,’ she 
says. “I am now a totally different person.” 
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Inacountry that is fiercely embracing moder- 
nity, clinics such as Liu’s, which have been oper- 
ating the same way for thousands of years, seem 
vulnerable and out of place. Indeed, attitudes on 
traditional Chinese medicine have divided the 
country. Last year, Zhang Gong-yao, from the 
Central South University in Changsha, Hunan, 
published an article in a Chinese journal calling 
traditional Chinese medicine a pseudoscience 
that should be banished from public healthcare 
and research’. The article caused uproar in the 
country, and earlier this year the government 
announced an ambitious plan to modernize the 
millennia-old practice’. 

But should such a formidable gap be bridged? 
Modern Western medicine generally pre- 
scribes treatments for specific diseases, often 
on the basis of their physiological cause. Tradi- 
tional Chinese medicine, however, focuses on 
symptoms, and uses plant and animal prod- 
ucts, minerals, acupuncture and moxibustion 
— the burning of the mugwort herb (Artemisia 
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vulgaris) on or near the skin. But whether these 
methods are effective and, if they are, how they 
work remain a source of some derision. The 
greatest divide is in the testing. In the West, 
researchers test a drug’s safety and efficacy in 
randomized, controlled trials. Traditional Chi- 
nese treatments are mixtures of ingredients, 
concocted on the spot on the basis of a patient's 
symptoms and characteristics and using theo- 
ries passed down through generations. 

The mainstream medical community, in 
China and abroad, has been highly critical of the 
underlying theories. Traditional Chinese med- 
icine is based on ideas such as qi (meridian), 
in which illness is caused by blocked energy 
channels; yin and yang, which emphasizes the 
balance of energy; and wuxing (five elements), 
in which people's organs and health status are 
categorized according to their ‘elemental char- 
acteristics’: fire, wood, water, earth and metal. 

Pharmaceutical companies have become 
more interested in traditional Chinese 
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medicines over the past decade. But their 
approach has been characteristically Western: 
isolate the active ingredients and test them one 
ata time. This reductionist approach has led to 
the approval of drugs such as artemisinin for 
malaria, which is used to treat fever in tradi- 
tional Chinese medicine, and arsenic trioxide, 
which has been carried over from Chinese 
medicine for treatment of acute promyelocytic 
leukaemia. 

But identifying the active ingredients isn't 
easy. Most remedies in traditional Chinese 
medicine, as it turns out, are compound for- 
mulae — or fufang — that contain as many as 
50 species of herbs, and thousands of chemi- 
cals therein (see ‘Knowledge mining’). To tap 
into the deeper well of traditional Chinese 
treatments, researchers think they may need 
to look at how the mixtures of ingredients act 
in concert. 


Relaxed regulation 

The criteria for approval of herbal mixtures as 
medicines are now starting to relax, at least in 
the United States. In June 2004, the US Food 
and Drug Administration (FDA) issued 
new guidelines that permit the approval 

of herbal mixtures if they can be shown to 

be safe and effective, even if the active con- 
stituents are not known. Last October, the 
FDA approved the first such botanical drug 
under the new rules, a proprietary mixture 
of green-tea extracts called Veregen devel- 
oped by the German company MediGene 
for treating genital warts. 

These new regulations have helped to 
renew industry’s interest in the complex 
formulae. And a buzzing new Western field 
could be poised to capitalize on the deeper 
secrets of traditional Chinese medicine. Sys- 
tems biology attempts to understand the func- 
tion and behaviour of an organism by studying 
the interactions between its components. It has 
been called a more holistic approach to biol- 
ogy and is seen by some as a perfect match for 
traditional Chinese medicine. 

By measuring many genes, proteins and 
metabolites at the same time, systems biology 
may provide a measure of the entire body’s 
response to a complex mixture of herbs. “If 
there is any technology that could lead to a 
breakthrough in traditional Chinese medi- 
cine, it will be systems biology,’ says Robert 
Verpoorte, head of the pharmacognosy 
department at the University of Leiden in the 
Netherlands. But not everyone agrees that the 
new technology is equipped to test old ideas. 

Jia Wei, a pharmacologist at the Shanghai 
Centre for Systems Biomedicine at Jiao Tong 
University, and Tang Hui-ru at the Wuhan 
Institute of Physics and Mathematics, part 


Knowledge mining 


The key to Chinese herbal medicine is to 

choose a combination of plant species 

based on the particular symptoms and 

characteristics of the patient and guided by 

the various theories of traditional Chinese 

medicine. There are many schools of thought 

on the causes of disease and the best way to 

formulate herbal medicines to tackle them. 
One of the most influential theories is 

the principle of jun-chen-zuo-shi. The jun 

(emperor) herbs treat the main cause 

or primary symptoms of a disease. The 

chen (minister) herbs serve to augment 

or broaden the effects of jun, and relieve 

secondary symptoms. The zuo (assistant) 

herbs are used to modulate the effects 

of jun and chen, and to counteract the 

toxic or side effects of these herbs. The 

shi (courier) herbs are included in many 

formulae to ensure that all components in 

the prescription are well absorbed, and to help 

deliver or guide them to the target organs. 
For researchers 
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of the Chinese Academy of Sciences, want to 
understand more fully how herbal extracts 
affect the whole body. They are collaborating 
with Jeremy Nicholson, head of the department 
of biomolecular medicine at Imperial Col- 
lege London, and using technologies such as 
nuclear magnetic resonance spectroscopy and 
mass spectrometry to profile the metabolites in 
a person's urine or blood — a discipline they 
call metabonomics. 
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trying to develop clinically tested drugs from 
Chinese herbal medicine, one of the most 
challenging steps is scouring the extensive 
ancient and contemporary literature to produce 
a short list of compound formulae that might 
be promising for the disease under study. 
More than 11,000 plant species used in more 
than 100,000 compound formulae have been 
recorded in China, and the same plant species 
can have distinct roles in different formulae. 
Thus, jun and chen herbs in one formula may 
serve as zuo and shi herbs in another. 

It can also be difficult to translate ancient 
interpretations of disease into those used in 
modern medicine. For example, many herbs 
are said to have the function of gingre (to 
clear heat). What this really means is that 
they may have antibacterial, antiviral or anti- 
inflammatory effects. Similarly, a guiding 
principle of traditional medicine practice 
is fuzheng quxie (to help the righteous and 
combat the evil), which, in the language of 
Western medicine, is to boost the immune 
system and evade viruses. “It's all about local 
knowledge,” says Robert Miller, chief executive 
of Phynova in Oxford, UK, a pharmaceutical 
company that develops Western-styke drugs 
from medicines identified from China. “Having 
in-depth understanding of traditional Chinese 
medicine is absolutely essential.” J.Q. 


Jia and his colleagues found that rats given 
the compound 1,2-dimethylhydrazine to 
induce tumours in their colons had different 
metabolic profiles in their urine from those 
in the control group. And by feeding the rats 
a combination of two herbal extracts — Cop- 
tidis rhizoma and Evodia rutaecarpa, which are 
widely used in traditional Chinese medicine to 
treat gastric conditions — the researchers were 
able to reverse these changes in metabolism. 
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Their results have not yet been published, 
but the researchers say that by looking at the 
changes in metabolites in detail, they have 
pinpointed the metabolic pathways that the 
herbs affect. 


Culture shift 

Jan van der Greef from SU Biomedicine in 
Zeist, the Netherlands, and his colleague Wang 
Mei are using a similar approach. In a mouse 
model of metabolic syndrome — a cluster of 
conditions such as insulin resistance and high 
blood pressure that often occur together — 
they and their team looked at the effect of an 
undisclosed formula used in traditional Chi- 
nese medicine on lipid profiles. When these 
mice are fed a high-fat diet, they become more 
resistant to insulin. The lipid profiles of these 
mice were clearly distinguishable from those 
of mice fed a normal diet, and they shifted 
towards the healthy state when the mice were 
given traditional Chinese medicine’. 

The researchers noticed that the profile shift 
resembled that caused by the Western obes- 
ity drug Rimonabant, which acts on proteins 
called CB-1 endocannabinoid receptors. And 
their unpublished work with cell culture sug- 
gests that herbal extracts can affect lipid metab- 
olism through the same receptor, says van der 
Greef. The team is now testing the formula in 
clinical trials. 

Although one active ingredient may act as 
the Western drug, the uncertain role of addi- 
tional ingredients and the variability of active 
ingredients confounds Western sensibilities. 
“Variations worry people,’ Nicholson says. The 
same plant species grown in different regions 
and harvested in different seasons could have 
distinct chemical compositions. This has 
always been a vexing issue for herbal-medicine 
researchers. 

While at Nicholson's lab, Tang and his col- 
leagues analysed the molecular components 
in chamomile plants from Egypt, Slovakia, 
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and Hungary, and could classify them easily’. 
Using similar approaches, the team from the 
Wuhan Institute of Physics and Mathematics 
found significant variations in the same herbal 
medicines produced by different companies 
and even between different batches produced 
by the same company. “This is an issue China 
must tackle for its herbal medicines to raise 
their game in the world market,’ says Tang. 

To many self-purported systems biologists, 
several approaches are needed 
to build a complete picture of a 
living organism and to under- 
stand the effect of traditional 
Chinese medicine. Neverthe- 
less, systems biology has been 
a conspicuously hard field to 
define. Many have used the 
term loosely, and pioneers in 
the field contend that the tech- 
nologies haven't been honed 
to the point that they could be used for these 
approaches. 

“It’s conceivable that systems biology could 
find applications in trying to sort out compo- 
nents in Chinese herbal medicine, but it’s very 
early days,’ says Leroy Hood, president of the 
Institute for Systems Biology in Seattle, Wash- 
ington, and regarded as the field’s founding 
father. “It would be an enormous challenge at 
this point and time” 

Systems biology has been successful in model 
organisms, according to Hood, but is much less 
so in human studies. Many hurdles need to be 
overcome before researchers could even begin 
to contemplate how to deal with subjects as 
complex as traditional Chinese medicine. For 
example, better detection systems are needed 
to measure metabolites, especially proteins, 
accurately in the blood, and more powerful 
computational and statistical tools are crucial 
for dealing with large and complex data sets. 
“Those technologies are at early stages of matu- 
ration,’ Hood says. 
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“Whether from the 
East or the West, 
we share the same 


goal of improving 
human health." 
— Liu Wen-long 


There are also broader concerns about the 
modernization of traditional Chinese medi- 
cine, from both advocates and sceptics of the 
practice. Some are uncomfortable with sepa- 
rating the study and development of Chinese 
herbal medicines from the theories that under- 
lie its normal practice. “Traditional Chinese 
medicine is not just a medical system, but a 
branch of philosophy and healing art that is 
an important part of Chinese culture,” says Fu 
Jing-hua, a retired researcher at the Chinese 
Academy of Chinese Medicine Sciences in 
Beijing and president of the Chinese Ancient 
Books Publishing House in Beijing. “Devoid 
of that cultural context, it would become a tree 
without roots.’ 


Lofty ideals 

But Zhang and Fang Shi-min, a US-trained 
biochemist who now runs a society called New 
Threads that is known for fighting pseudo- 
science and research misconduct in China 
say that it is exactly those traditional Chinese 
medicine theories that should be abolished. 
Conceits such as yin and yang, wuxing and 
qi “are inaccurate descriptions of the human 
body that verge on imagination’, he says. 

Inevitably, cultural factors 
may be the biggest obstacle in 
bridging the East-West gap. 
“The field of traditional Chinese 
medicine is notorious for being 
averse to criticism,’ says Yuan 
Zhong, a philosopher of medi- 
cine at the Chinese Academy of 
Medical Sciences. “If people are 
not allowed to disagree or voice 
their opinions, there would be 
no hope of progress for any discipline” 

But although heated exchanges are boiling 
over in debates on the future of traditional 
Chinese medicine, it’s business as usual in Liu’s 
practice. He is sanguine about the convergence 
between traditional Chinese medicine and 
Western medicine, but has a pragmatic attitude 
towards it. “Whether from the East or the West, 
we share the same goal of improving human 
health. As long as it works, anything goes,” he 
remarks. But Liu says that he is yet to see any 
real progress in the merging of the two philoso- 
phies and, until then, his intuition and experi- 
ence — as well as traditional Chinese medicine's 
seemingly arcane theory and practice — will 
serve him and his patients just fine. a 
Jane Qiu writes for Nature from Beijing. 
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Authors’ financial interests 
should be made known 


to manuscript reviewers 


SIR — Much emphasis has been put on the 
importance of policies that require authors 
to be transparent about financial conflicts 

of interest. Nature, for example, requires 
most authors to submit a declaration of any 
competing financial interests in relation to 
the work described in a submitted article. 
The reason why journals have these policies 
is, presumably, to safeguard the objectivity of 
the research. Transparency is thought to 
promote objectivity because if readers are 
aware of potential financial conflicts, they 
can critically evaluate the ways in which 
such interests may have affected the research 
— for example, in the selection of evidence, 
interpretation of results, or research 
methodology. 

Yet transparency is insufficient as a 
safeguard of objectivity. Scientific expertise 
is necessary to correctly evaluate whether 
conflicts have biased the research, yet 
financial conflicts are revealed only when 
an article is published. This prevents peer- 
reviewers — who are in the best position to 
evaluate the possible influence of the conflicts 
of interest — from having access to the 
information. Thus, it is not clear to us how 
revealing financial interests in a statement 
accompanying publicatio of an article 
can allow readers to make accurate 
assessments of bias. 

In addition, these policies foster an 
abrogation of scientific responsibility by the 
research community, because they put the 
burden of critical evaluation on the public, 
who in the main are not scientifically 
knowledgeable at a detailed level. This aspect 
is of particular concern for papers in journals 
such as Nature, which are likely to be widely 
disseminated to the public by the media. 
Even if biases are identified after publication 
and a correction is made, such criticisms tend 
not to be publicized to the same extent as the 
original article. 

If the aim of conflict-of-interest policies is 
to promote objectivity and inform readers 
and the public, we believe a more effective 
approach would be for authors to be required 
to reveal possible financial competing 
interests, not only to the public after 
publication, but also to reviewers during 
the peer-review process. 

Inmaculada de Melo-Martin*, Kristen Intemann} 
*Division of Medical Ethics, Department of Public 
Health, Weill Cornell Medical College, 411 East 
69th Street, New York, New York 10021, USA 
+Department of History and Philosophy, 

Montana State University, 2-155 Wilson Hall, 
Bozeman, Montana 59717, USA 


Comments on the suggestion made in this 
Correspondence, and on Nature’s policy, 


are welcome at Peer to Peer, the blog for and 
about peer review, at http://blogs.nature. 
com/peer-to-peer/2007/07/should_ 
authors_financial_inter.html 


Space-time safe — at least 
until the LHC switches on 


SIR— You are either wildly optimistic, 

or confused, to suggest in your News 
Feature “Extreme light’ (Nature 446, 
16-18; 2007) that extreme laser 
experiments could “rip apart the fabric of 
space and time”. 

The phenomena of Unruh radiation 
and Schwinger pair production, which 
are the motivation for extreme laser 
experiments, simply probe the behaviour 
of quantum fields on a fixed, smooth space- 
time. Even if the experiments are totally 
successful, the only thing that could be 
‘ripped apart is the vacuum state of some 
quantum fields. 

If one considers quantum theories of 
gravity, there is no formal way to distinguish 
the space-time manifold from the quantum 
fields, because space-time itself should be 
quantized. (Don't ask me how.) But at low 
momenta and energy densities, relative to the 
fundamental scale of quantum gravity, 
usually around the Planck scale of 10° GeV, 
such theories should reduce to something 
like the well-known picture of quantum field 
theory on a classical, weakly curved manifold 
described by general relativity, which has 
been successful in describing particle 
physics and optics. 

Hence it is very difficult to probe 
quantum gravity experimentally, unless 
the low-energy limit of the theory gives 
some (necessarily small) deviation from 
this established picture. For example, 
varying ‘constants, equivalence principle 
violations or Lorentz violation could 
amount to an indirect probe. 

There are also special classes of theories 
in which the fundamental scale of quantum 
gravity may be much lower, even a few 
thousand GeV. However, these extra 
dimensions would not be probed by laser 
experiments, since photons do not propagate 
along them, unless the energy density 
approached the fundamental (TeV’) scale. 
Whether an exawatt beam (rated by power, 
rather than energy density) could do so 
depends on its focusing and pulse length: 
Thighly doubt it. 

The main hope at present to probe 
theories with TeV fundamental scale 
comes from the Large Hadron Collider 
(LHC), which is designed to produce 
such large energy densities in some of 
its collisions. 

It is conceivable that black holes might 
result from gravitational collapse of dense 
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regions — which would, finally, be a tale of 
ripping the fabric of space-time. Before the 
LHC switches on, space-time should be 
quite safe. Depending on your point of 

view, this may be a source either of relief 

or of disappointment. 

Thomas Dent 

Theoretical Physics, University of Heidelberg, 
Philosophenweg 16, 69120 Heidelberg, Germany 


Mentors could support a 
student reviewer database 


SIR — Your Editorial ‘Mentors of the future’ 
(Nature 447, 754; 2007) highlights a need 

to encourage ethical, honest and fair peer 
review by young scientists. Although I 
applaud the ethos of the argument presented, 
graduate students such as myself often suffer 
from anonymity in their field of research, 
even though our work is often at the cutting 
edge. A lack of publications can render a 
student invisible to editors and may result 

in missed opportunities to offer their 
services as referees. 

I suggest that journals consider introducing 
a ‘PhD student peer-review pool to which 
students and their supervisors can sign up. 
Such a database, including a student’s name, 
area of research expertise and current 
supervisors, would provide editors with a 
ready supply of willing referees. Editors could 
try new referees in the knowledge that they 
will be supported during the review process 
by their supervisor, and could provide 
feedback to the student about the quality 
of the report. 

Refereeing has often been described as a 
thankless task, but although it does require 
considerable effort, it also provides invaluable 
experience in critical interpretation of 
science. Having recently completed my first 
review, I believe that it has made me far more 
objective about my own writing and can 
only benefit the production of my thesis. 

I therefore look forward to receiving my 

next invitation to review. 

Angelo P. Pernetta 

Centre for Ecology and Hydrology, FBA East Stoke, 
Wareham, Dorset BH20 6BB, UK 


Mentors: public lists would 
help students choose 


SIR — Thank you for your excellent Feature, 
‘Nature’s guide for mentors’ (Nature 447, 
791-797; 2007). It’s definitely one of the 

best things I’ve read in Nature in the 25 years 
I've been reading the journal. To better help 
students make informed choices about 
choosing a mentor, it would be enormously 
useful if public granting agencies such as 

the US National Institutes of Health would 
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publicly post the ‘trainees lists that are 
included in training grants for every faculty 
member in a given PhD training programme. 
If this were done, students considering 
applying to those labs would know their 
actual chance of being mentored successfully. 
Ben Barres 

Department of Neurobiology, Stanford University 
School of Medicine, 299 Campus Drive, Stanford, 
California 94305-5125, USA 


How incompatibilities may 
have led to eukaryotic cell 


SIR — In the Connections Essay 
‘Disappearing act’ (Nature 446, 983; 2007), 
James A. Lake discusses the evolution of the 
eukaryotic cell from the perspective of the 
origin of the eukaryotic gene content. As 

he points out, there are two main gene 
classes in prokaryotes (archaea and bacteria): 
operational genes, for “day-to-day processes 
of cell maintenance’; and informational 
genes, that “convert information from DNA 
into proteins”. Eukaryotes are derived from 
archaea and bacteria, but curiously, archaeal 
operational genes and bacterial informational 
genes are almost completely absent from the 
eukaryotic genome. Lake suggests that 
“because two types of ribosomal genes 
cannot exist in the same nucleus, the 
archaebacterial ribosome may simply have 
been the lucky survivor when one of the 
components in the eubacterial ribosome 
was inactivated.” But, Lake asks his readers, 
why were the archaebacterial operational 
genes eliminated? 

One hypothesis is that the archaeal and 
bacterial cells that merged to form the 
eukaryotic cell were ‘metabolically 
incompatible’ and consequently their merger 
resulted in the elimination of the archaeal 
operational genes. But what, then, was the 
basis for this ‘metabolic incompatibility’ and 
for the bacterial genes to finally get the upper 
hand? David Valentine has suggested that 
adaptations to energy stress dictate the 
ecology and evolution of archaea (Nature 
Rev. Microbiol. 5, 316-323; 2007). The 
biochemical mechanisms enabling archaea 
to cope with chronic energy stress include 
structural (a less ion-permeable membrane) 
and metabolic (pathways highly adapted 
to niches with low energy availability) 
components. 

We suggest that during eukaryogenesis, 
the bacterial endosymbiont, which gradually 
became the mitochondrion, ended the 
chronic energy stress in the proto-eukaryote. 
In contrast to the anaerobic archaeal host, 
the aerobic bacterial endosymbiont was 
able to maximize the availability of energy 
and gradually become an efficient energy- 
converting organelle, the ‘powerhouse’ of 
the eukaryotic cell. The proto-eukaryotic 
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metabolism had to be reorganized 
accordingly. The unique archaeal adaptations 
to chronic energy stress were no longer 
advantageous, and were out-competed by the 
‘higher energy -adapted bacterial 
metabolism. Lateral gene transfer from 
organisms other than the two founders 
certainly contributed to the eukaryotic gene 
repertoire, but we think that operational 
genes mostly originated from bacterial 
donors because the archaeal genes were 
incompatible with the energy-rich 
environment of the eukaryotic cell. 

To return to Lake's Essay, the two 
faces of the eukaryotic gene content (the 
Janus paradox) might reflect two types of 
incompatibilities between its two prokaryotic 
founders: structural incompatibility between 
the informational systems; and environmental 
(or ecological) incompatibility between the 
metabolic systems. These eventually led to 
the synergetic, two-faced, chimaeric result — 
the eukaryotic cell. 
Yaacov Davidov*, Edouard Jurkevitch? 
*Department of Biological Chemistry, 
The Weizmann Institute of Science, 
76100 Rehovot, Israel 
+Department of Plant Pathology and 
Microbiology, The Hebrew University of 
Jerusalem, 76100 Rehovot, Israel 


Text mining: powering the 
database revolution 


SIR — Mark Gerstein and colleagues in 
Correspondence (Nature 447, 142; 2007) 
propose that journals should require authors 
to manually provide structured abstracts 

to facilitate text mining of biological 
information. There are three main difficulties 
in implementing such a proposal. 

First, life-science terminologies are huge, 
diversified and complex. This means that 
identifying the correct content descriptors 
is almost impossible for inexperienced users 
of online term repositories. For example, 
Medical Subject Headings (www.nlm.nih. 
gov/mesh), the International Classification of 
Diseases (www.who.int/classifications/icd/ 
en) and Gene Ontology (www.geneontology. 
org) are high-volume — tens of thousands of 
terms — and structurally complicated 
terminological systems, each with different 
design rationales, naming conventions and 
principles of structural organization. Even 
human indexers, search specialists and 
database curators with routine exposure to 
these resources have to invest much effort 
in understanding and keeping track of their 
content as well as terminological updates 
and revisions. Will scientists find the time to 
dive so deeply into this alien terminological 
territory, and be capable of finding exactly 
what they are looking for? 

Second, the coverage of existing 


©2007 Nature Publishing Group 


terminologies for the many subdomains in 
the life sciences is incomplete. The two main 
terminological umbrella systems for the 

life sciences, the Unified Medical Language 
System (http://umlsinfo.nlm.nih.gov) 

and the Open Biomedical Ontologies 
(http://obo.sourceforge.net/main.html), 
contain impressive numbers of individual 
terminologies, but their coverage of the life 
sciences is still fragmentary and suffers from 
varying depths of description. The size of the 
terminology gap is likely to be even more 
pronounced if authors were required to 
encode relational descriptions, for example 
indicating a binding relation between two 
specific proteins, P1 and P2, by Bind(P1, P2), 
because such a vocabulary has not yet been 
determined. 

Third, the quality and reliability of author- 
supplied content descriptions is quite a 
hurdle. Even if the first and second problems 
were to be solved, human indexers, even 
professional ones, are liable to error as well as 
to the possibility of intrinsic subjective bias 
(M. E. Funkand C. A. Reid Bull. Med. Libr. 
Assoc. 71, 176-183; 1983). This is not to say 
that authors of a structured abstract would 
consciously cheat, but rather there is a grey 
area of overstatement and overestimation 
of one’s own results in a highly competitive 
scientific environment. If authors’ structured 
entries were subject to peer review together 
with the submitted article, this would be 
more work for the reviewers as well as the 
authors — neither of them likely to have been 
trained as terminologists. 

As an alternative, we suggest automated 
procedures for knowledge capture in which 
neither the authors nor the reviewers are in 
the loop. There has been significant progress 
in automatic text mining and information 
extraction as well as in the methodological 
foundations of life-science terminologies in 
terms of ontologies, knowledge representation 
languages and semantic encoding standards. 
These efforts in automating the generation of 
content descriptions and linking them 
directly to biological databases are strongly 
experimentally founded and would help to 
avoid additional workload and subjectivity — 
see, for example, the BioCreAtIvE 
competition results (http://biocreative. 
sourceforge.net). Once automated 
mechanisms for content analysis are 
applied, this also increases the coverage 
and the recency of the literature entered 
into biological databases, as human input 
is complemented by computationally 
generated content. 
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Beyond the troubled relationship 


If scientific culture in the Muslim world has changed since the golden era of Islamic science, so has the 
practice of Islam. Reintroducing knowledge and creativity requires a revival of both, argues Ziauddin Sardar. 


n Islam and science two things can 
() be stated with some certainty. One, 

science thrived during the classical 
period of Islam; two, science in Muslim society 
has suffered a drastic decline. The difficulties 
arise in trying to ascertain when the decline 
began and what the causes were. Historians of 
science offer different dates and reasons. 

It is tempting to blame Islam itself. There is 
something in the teachings of Islam, the argu- 
ment goes, which does not allow science to take 
root in Muslim societies. This suggestion not 
only belies history but also the basic teachings 
of Islam, which proclaims itself as an intrinsi- 
cally rational world view. 

There are some 800 verses in the Qur'an that 
invite the reader to think and to examine the 
material world, using reason to understand 
nature. The sayings of the Prophet Muham- 
mad reinforce these teachings, emphasizing 
that understanding comes through scientific 
endeavour. “An hour’s study of nature is better 
than a year’s prayer,’ the Prophet declared. He 
directed his followers to “listen to the words 
of the scientist and instil unto others the les- 
sons of science”. And the Prophet made an 
essential distinction: the Qur’an, as well as his 
own teachings, were an invitation to reason 
and study what exists and can be discovered 
— not scientific pronouncements in and of 
themselves. 

If the basic teachings of Islam are the same 
now as they were 1,400 years 
ago, what was it that drove sci- 
ence, learning, knowledge and 
creativity from Muslim culture? 
Historians have tried in vain 
to fix a date, to pinpoint what 
provoked the downward spiral. 
There are many factors to con- 
sider — including colonialism and wars — but 
in searching for the genuine causes of decline, 
I believe we must consider that the practice, 
if not the teachings, of Islam has changed. By 
recognizing this, I will argue, Islam can then 
become part of the solution. 


Gradual decline 

As a faith and a culture, Islam is a holistic 
world view. Muslims are fond of describing 
Islam as a ‘total way of life. What they mean 
is that the world view of Islam integrates 
all aspects of reality through a moral per- 
spective. This perspective is provided by a 


“This process 
reduced Islam from 
a holistic world 
view to a one- 
dimensional faith." 


The Qur'an invites readers to use reason to study nature, so what drove science from Muslim culture? 


framework of conceptual values within which 
Muslims endeavour to answer human prob- 
lems. Concepts such as ilm (knowledge), ijma 
(consensus) and istislah (public interest) are 
the driving forces of Muslim society. I/m, the 
urge to know, and ijtihad, the quest for sus- 
tained reasoning, were central to classical 
Islam and produced a culture with science and 
rationality at its core. 

The question today is how 
these driving forces sputtered 
to a halt. I would argue that 
the decline of science in Mus- 
lim societies is a product of 
the systematic reduction in the 
meaning of the basic concepts 
of Islam. This process not only reduced Islam 
from a holistic world view to a one-dimen- 
sional faith but also truncated the creativity 
of Muslim societies. If Muslim society is like 
a human body — an analogy once used by the 
Prophet Muhammad — then this process of 
reduction has taken the mind from the body. 
What is left is living and functioning — but 
without the brain. As a result, science and 
rationality have almost completely evaporated 
in contemporary Islamic culture. 

There is a conventional explanation for 
this process. Studies endlessly refer to a time 
when ‘the gates of ijtihad were closed by a few 
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religious scholars. But the use of ijtihad, or sus- 
tained reasoning, was never actually banned: 
the shutters came down only slowly. And 
the dictate of the religious scholars has been 
disputed by every Muslim reform movement 
from that day to this. 


Under colonialism 
So what is missing from the standard analysis? 
I have argued for the intimate and construc- 
tive connection between Islam and science. 
But Islamic science not only had a conceptual 
religious context, it also had a cultural context. 
In history, as now, science was integral to the 
development of society. In Muslim history it 
fed the growth of industries — studies of min- 
eralogy, advances in chemistry, botany and 
hydraulics all had applications relevant to a 
productive society. And agricultural advances, 
supported by the study of agronomy, hydrol- 
ogy and geology, raised living standards and 
created wealth. 

Muslim civilization wherever it spread was 
a city-building culture; architecture, city plan- 
ning and land management, provision of clean 
water and sewage disposal all benefited from 
the application of science. The study of astron- 
omy, geography and map making, alongside 
development of compasses and observational 
instruments, all facilitated long-distance trade. 
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Consequently, the state was a major sponsor 
and consumer of science for multiple reasons 
— from building cities to warfare technology. 

The great scientists of the classical era all 
contributed, directly or indirectly, to this 
social context. In turn, the institutions of Islam 
ensured that science prospered and served 
society. One of the pillars of Islam is zakat, the 
annual payment required of all Muslims and 
dedicated to social purposes such as education, 
health provision and the eradication of poverty. 
Charitable giving begat new social institutions 
called waqf. These charitable endowments 
funded projects such as hospitals, universities 
and research establishments. Science never 
emerges in a vacuum it always has a cultural 
context; it is fed and shaped by the conditions 
of its time and place. 

If the Muslim world had not been such a 
vibrant, dominant, growing concern in the 
fifteenth century, Europe would have had no 
need to subvert its power. What is termed the 
age of exploration was a deliberate strategy, 
diligently pursued by European nations to 
circumvent what they regarded as a Muslim 
stranglehold on their economies, a strangle- 
hold that was maintained by Islamic science. 
Investment in exploration gave a new impetus 
to the development of science in Europe. It also 
led to colonialism. 

Colonialism had two outcomes in Muslim 
civilization. First, it suppressed and displaced 
meaningful cultural activities from Muslim 
society. It did this by introducing new systems 
of administration, law, education and economy 
all of which were designed to instil dependence, 
compliance and subservience to the colonial 
powers. The decline of Islamic science is one 
aspect of the general economic and political 
deterioration of Muslim society that resulted. 

In the colonial context, Islam as a holistic 
way of life became mere rhetoric. Islamic edu- 
cation became a one-way ticket to marginal- 
ity. What relevance could such education have 
when its concepts and principles had no practi- 
cal meaning for how society operated? Nor was 
the ‘modern’ education offered by the colonial 
powers a path to success: it was intended to 
produce subjects that served colonial needs. 
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Knowledge and 
consensus, central 
concepts in Islam, 
have narrowed 
over time. 


and philosophy to art, literature and theol- 
ogy. We can see this in the early classifications 
of knowledge by such scholars as al-Kindi, 
al-Farabi, ibn Sina, al-Ghazzali and ibn Kha- 
Idun. So all learned men, scientists as well as 
philosophers, scholars as well as theologians, 
constituted the ulama. 


Western education ruled, but it taught the 
colonized to accept a distorted version of their 
own history as backward, their own science as 
irrelevant, and their own medicine as nothing 
but mumbo jumbo. The dismissal of Islamic 
science as ‘real’ science went hand-in-hand with 
the dismissal of the entire conceptual order of 
Islam as religion, culture and civilization. 

Second, Islam itself was reduced to a defen- 
sive enclave stubbornly holding on to the 
few remnants of authority left to indigenous 
control. Colonialism turned the pursuit of 
knowledge by Muslims from a broad cultural 
activity into a narrow religious one. 


Narrowing of faith 

In classical Islam, both the definition of 
knowledge and its classification was a major 
intellectual activity. An alim (scholar) was 
anyone who acquired ilm, or knowledge, 
which was itself described in a broad sense. 
Knowledge meant everything from science 


Charitable 
endowments, 
one of the pillars 
of Islam, helped 
shape science. 
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Under colonialism, Muslim society 

revisited the question: who is a scholar 
and what makes him an authority? 
Whose thought, research and opinion 
were worthy of social and cultural atten- 
tion? And as ijtihad became increasingly 
irrelevant, ilm was increasingly reduced to 
religious knowledge and the ulama came 
to constitute only religious scholars. From 
an Islamic point of view, only the pursuit 
of religious knowledge came to be seen 
as important. 

Similarly, the idea of ijma, the central 
notion of communal life in Islam, has been 

reduced to the consensus of a select few. 
Tjma literally means consensus of the peo- 
ple. The concept dates back to the practice 
of Prophet Muhammad. When the Prophet 
wanted to reach a decision, he would call the 
whole Muslim community — then admit- 
tedly not very large — to the mosque. A dis- 
cussion would ensue and the entire gathering 
would reach a consensus. Thus, a democratic 
spirit was central to political life in early Islam. 
This disappeared under colonialism. 

The notion of ijma had another function. 
It located authority in argument. If ilm was 
intended to spread knowledge throughout 
society then most citizens would be members 
of a learned community. The consensus of 
the community would therefore be a learned 
one arrived at on the basis of argument. But 
the reduction of ilm removed knowledgeable 
citizens from the equation — ijma was trun- 
cated to ‘the consensus of religious scholars. 
Thus both democracy and the pursuit of know- 
ledge as a whole became irrelevant to Muslim 
culture. 

Other key elements of the conceptual frame- 
work of Islam were similarly narrowed. Jihad 
ceased to be an intellectual struggle and was 
abridged to warfare. Istislah, or ‘public interest; 
a major source of Islamic law and an important 
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impulse for science in the classical period, all 
but disappeared. And ijtihad came to mean 
little more than a pious desire. 

Thus, the question of how Muslim societies 
can rediscover the spirit of scientific inquiry is 
not just a question of policy, funding or building 
prestigious institutions in the name of progress. 
Mostly, it is about how the enterprise of science 
is made relevant and meaningful within Mus- 
lim culture. The decline of Islamic science was 
a product of combined forces that engineered a 
conceptual reduction in Muslim civilization. 


Sacred science 

My proposition is clear: the decline can only 
be reversed by a conceptual shift. Science will 
only take root in Muslim societies if they can 
rethink Islam itself as a holistic enterprise. Sci- 
ence will flourish, paradoxical as this may seem 
to many, when Islam re-emerges as an integra- 
tive way of knowing, being and doing; when it 
reconstructs the open intellectual climate and 
cultural paradigms it once sustained. 

When in 1980, I initiated a discussion on 
Islamic science, first in the pages of Nature 
and then New Scientist, I was not fully aware of 
the problem with these reductive concepts in 
Muslim societies. By ‘science’ I meant and 
understood an objective and systematic 
endeavour within the ethical framework of 
Islam, motivated by Islamic injunctions on the 
virtues of reason and the pursuit of knowledge. 
I turned out to be totally wrong. 

If we look at what is meant by ‘Islamic 
science’ today, there are two trends. The first 
derives from the fundamentalist idea that all 
knowledge can be found in the pages of the 
Qur'an. This is a further reduction of the 
concept of ilm. A lavishly funded project in 
Saudi Arabia — Scientific Miracles in the 
Qur’an — has generated books, papers and 
journals investigating the scientific content 
of the Quran. Relativity, quantum mechan- 
ics, Big Bang theory, embryology and much of 
modern geology has now been 
‘discovered’ in the Qur'an. 

Meanwhile, ‘scientific’ experi- 
ments have been devised to 
discover what is described in 
the Qur'an but not known to sci- 
ence. For example, a project to 
harness the ‘energy of the jinns 
enjoyed much support in the mid-1990s in 
Pakistan. This reductive fundamentalism 
now embraces creationism and is generating 
a growing movement for ‘intelligent design’ in 
the Muslim world. 

The second trend is best described as mys- 
tical fundamentalism. In this perspective, the 
consensus, the ijma of a knowledgeable com- 
munity, is reduced to a group of mystics with 
secret and sacred scientific knowledge. Islamic 
science is no longer a problem-solving enter- 
prise; it is a mystical quest for understanding 
the absolute. In this Universe, conjecture and 
hypothesis have no place; all inquiry must be 
subordinate to mystical experience. The mate- 


context.” 


“Science never 
emergesina 
vacuum; it always 
has a cultural 


Can we reopen the ‘gates of ijtihad’ and revive the quest for reason that was once central to Islam? 


rial Universe is studied as an integral part of 
higher levels of existence and consciousness. 
Even the history of Islamic science has been 
rewritten to emphasize the occult, alchemy and 
astrology — at the expense of the vast amount 
of work in exact sciences — in an attempt to 
show that Islamic science was largely ‘sacred 
science’ In many academic circles, this mystical 
tendency has acquired a strong presence. 


Old way of thinking 

These two trends, the fundamentalist and the 
mystical, suggest that real science has almost 
completely disappeared from Muslim con- 
sciousness. In an article last year, (Nature 444, 
22-25; 2006) Ehsan Masood wrote “today’s 
Muslim states barely register on indices of 
research spending, patents and 
publications”. And he concludes 
the situation is not just bad; it is 
set to get worse. 

However, I don't think we need 
to be so pessimistic. The solution 
to any problem begins with a diag- 
nosis; this diagnosis has already 
begun. The realization is growing that sci- 
ence is important not just for the prosperity of 
Muslim societies, for economic development, 
for misplaced political vanity or for acquiring 
nuclear weapons — but that it matters because 
it is vital for the recovery and survival of Islam 
itself. 

This is the main message of the 2003 Arab 
Human Development Report on ‘Building 
a Knowledge Society’ It admits frankly that 
Muslims cannot merely continue to blame 
everything on colonialism and the West. Mus- 
lim states have failed, by their own Islamic 
standards, the challenge of independence. 
The report blames authoritarian thought, lack 


©2007 Nature Publishing Group 


of autonomy in universities, the sorry state of 
libraries and laboratories, and under-funding 
in the Arab world. 

Moreover, the report recognizes the con- 
ceptual challenges, calling, in particular, for 
‘reviving ijtihad as the driving force for change. 
Indeed, it is now widely argued that science can 
play an important part not just in re-establish- 
ing ijtihad but in making Islam whole again, 
reuniting reason with revelation. This is the 
course that the Organization of the Islamic 
Conference — a 57-member intergovernmental 
organization of Muslim states — has set itself. 

Signs of change can even be detected in reli- 
gious institutions. The Al-Azhar University 
in Cairo, one of the most influential institu- 
tions of the Muslim world, for example, has 
now opened up to science. In colonial times, 
it abandoned science to become a religious 
institution concentrating on theology. Now 
it is rebalancing its curricula, emphasizing 
science as much as religion. Religious classes 
are making way for laboratories and science 
courses. Similar developments are taking place 
in Indonesia and Turkey. 

There is no doubt that Muslims have a deep 
emotional attachment to their scientific herit- 
age. But contemporary Muslim society needs 
more than nostalgic pride in a long-departed 
golden age. It has to reinstate the way of think- 
ing, the critical consciousness and methodolo- 
gies that made Islamic science possible; and it 
must make this way of thinking and knowing 
relevant to contemporary times. There is every 
reason to hope that the revival of science anda 
reform agenda for Islam in Muslim society will 
proceed hand in hand. | 
This article is an edited version of a lecture that 
Ziauddin Sardar, a London-based writer, first 
gave to the Royal Society in London. 
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Imagine a better world 


Given that humans are here to stay on Earth for some time yet, what can we do to lessen our impact? 


The World Without Us 

by Alan Weisman 

Thomas Dunne Books/Virgin Books: 2007. 
288 pp, $24.95/£20.00 


Stuart L. Pimm 

Imagining “the world without us” is such a 
clever idea. It powerfully motivates thinking 
about what the 6 billion of us do to Earth. It 
conjures, too, reflections on the sometimes 
surprising parts of Earth that we have left 
alone. How these have fared might shape 
future environmental choices. 

The examples in Alan Weisman’s The World 
Without Us are familiar from numerous other 
books about the planet today. Of course, good 
science books assemble what is already known 
to the academic priesthood to make the ideas 
widely accessible. They strongly influence that 
priesthood, embarrassed as we often are to 
admit we found the original literature unintel- 
ligible. Great books synthesize facts and ideas 
onto a sweeping canvas. Sadly, Wiesman’s book 
does not assemble, synthesize, step back from 
its details to pose larger questions, engage the 
reader in a debate about the salient features 
of human impact or present solutions. It has 
no introductory and final chapters laying out 
key issues. 

The book does come frustratingly close to 
being more than its collection of set pieces. 
Chapter one has a photo of the massive trees 
in Bialoweiza forest, Poland. Many trees get 
that way — if we allow them to. Without us, 
one can almost imagine the loud sucking 
sound of Earth’s trees growing to old age, 
taking back the carbon. Without us, some 
15 million square kilometres of former crop- 
land and another 5 million of tropical forest 
cleared for grazing would re-grow, sucking 
up roughly 10 gigatonnes of carbon each year 
for the next 30 years or more. Even ignoring 
other sinks, including soils, this very rough 
calculation suggests an immediate, significant 
reduction of atmospheric carbon, with attend- 
ant climate changes. The all too obvious prac- 
tical answer to Richard Branson’ challenge to 
remove carbon dioxide from the atmosphere 
is growing trees. Without us, there are lots of 
places for them to re-grow; even with us, there 
are too. 

Without us, the nitrogen junkies of the 
global flora would protest the halving of their 
annual fix. Human chemistry has doubled 
the availability of fixed nitrogen through 


There are still places that exist without us, such as the Bialoweiza forest in Poland. 


fertilizer in the biosphere. Without us, trees 
would flourish, nitrogen-dependent weeds 
would not, and most domesticated crop plants 
would die within the year. 

Weisman worries about the bison in Bialo- 
weiza, imprisoned there by its fence. He moves 
on promptly to discuss how our buildings 
would decay and how the subways of New 
York would flood if we were gone, a subject of 
a morbid fascination, no doubt, to those who 
enter them daily. 

He misses an opportunity in the chapter 
on “the world before us”. Our nearest relatives 
remain in this book’s conceit. Evolution might 
not recreate us, but what about an ape with our 
intelligence? Palaeoanthropologists argue that 
man is just the forest ape who moved into the 
savannas in compelling (if often contradictory) 
creation stories. So, what is to stop a repeat 
performance? Weisman concludes that the 
aggressive common chimpanzee (Pan troglo- 
dytes) will overwhelm the meek — and much 
rarer — bonobo (Pan paniscus). Would this 
prevent a new ‘man from following in our path, 
or is an aggressive Pan the key step? This is an 
interesting, but unexplored possibility. 
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Such debates are fun over morning coffee. 
Other issues are practical and vital. There 
are places without us and we could designate 
more. Some of them are in this book — the 
demilitarized zone between the two Koreas, 
the Bialoweiza forest, a few isolated reefs, 
decreasing areas of rainforest. These examples 
broach the biggest challenges of this century: 
can we reverse global carbon emissions, cool 
off the planet and prevent the irreversible loss 
of biodiversity? 

Weisman discusses how nature returns in 
our absence. Allowing native trees to recover 
— the Lorax solution — so that both the trees 
and their friends will come back is also a good 
start to solving the biodiversity problem. He 
also discusses the constraints we have placed 
on recovery. For example, we have introduced 
weeds — that is, species that belong in other 
places. But we have not followed US environ- 
mentalist Aldo Leopold’s first law of intelli- 
gent tinkering: to keep every cog and wheel. 
Nor have we followed the second law: to keep 
the instructions. There is no guarantee that 
even with all the pieces, we would be able to 
put nature back together again. The book 
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successfully warns us that almost everywhere 
are human artefacts that will be with us for a 
long time — plastics, for example — making 
things ever more complex. 

These and many other good leads are in The 
World Without Us, but their placing is incoher- 
ent. There is not going to be an Earth without 
us. So excluding us from some of it and reduc- 
ing our impacts elsewhere is an important part 


of a discussion that this book could do a lot 
to facilitate. Perhaps the broader vision — the 
missing introductory and final chapters it so 
clearly needs — could be added on a related 
website. a 
Stuart L. Pimm is professor of conservation 
ecology at the Nicholas School of the 
Environment and Earth Sciences, Duke 
University, Durham, NC 27708, USA. 


Degrees of change 


Six Degrees: Our Future on a Hotter 
Planet 

by Mark Lynas 

Fourth Estate: 2007, 384pp, £12.99 


Stefan Rahmstorf 

This book is not for the faint-hearted. British 
writer Mark Lynas ventures where few scien- 
tists would dare to tread. He sets out to answer 
the question that many of us climatologists 
ponder in private and often get asked by jour- 
nalists, but usually shy away from answering: 
what will it really be like to live on a warmer 
planet? In Lynas’s words: “Will we all, as some 
environmentalists suggest, be reduced to eking 
out a living from shattered remains of civiliza- 
tion in Arctic refuges, or will life go on much 
as before — if only a little warmer?” 

Lynas sets out to answer this systematically 
on the basis of his extensive reading of the sci- 
entific literature. He has spent many months in 
Oxford University’s Radcliffe Science Library 
trawling through thousands of papers. The 
result is arranged in six chapters, one for every 
degree Celsius of potential global warming. His 
statements are referenced throughout, and, as a 
palaeoclimatologist, I was familiar with fewer 
than half of the 500 or so papers he cites. That 
is the nature of scientific specialization: few 
researchers could afford the time for such a 
wide-ranging literature review. 

One of the best aspects of Six Degrees is that it 
pulls together data from past climate changes in 
Earth's history to get an idea of what a warmer 
climate might look like. The often dramatic 
natural climate changes of the past are some- 
times cited by those opposed to reducing 
greenhouse-gas emissions as evidence of why 
we need not worry about the ongoing warm- 
ing. But the latest Intergovernmental Panel on 
Climate Change (IPCC) report (www.ipcc.ch), 
which contains a 65-page chapter reviewing the 
main palaeoclimatic findings, shows that the 
first lesson from the past is that Earth's climate 
system is very sensitive. It has always responded 
strongly to natural changes in Earth's energy 
budget — the balance between the absorbed 
incoming energy from the Sun and the outgo- 
ing long-wave (thermal) radiation from Earth. 
So we have every reason to believe that it 
will respond strongly again to the growing 
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perturbation to the radiation balance that 
humans are now causing. Six Degrees hammers 
home the second lesson to be drawn from the 
past: mega-droughts or sea-level changes of 
tens of metres accompanied past cooling and 
warming episodes of similar magnitude (albeit 
probably not as rapid) as that expected this 
century. 

I have my quibbles with some of Lynas’s 
interpretations and there is the odd error, but 
such complaints seem petty in view of the over- 
all achievement and importance of this book. 
Lynas avoids the obvious pitfall of cherry-pick- 
ing the most dramatic possibilities; Six Degrees 
is alarming but not alarmist. He tries to give a 
level-headed account of what we may expect, 
mentioning scientific controversies where they 
exist. For example, he gives balanced discussions 
about the future of the Sahel region of northern 
Africa, citing studies that conclude that global 
warming may end the ongoing drought there, 
and about the risk of a shut-down of the North 
Atlantic Current, to which the new IPCC report 
assigns a probability of up to 10% this century. 


Six Degrees is essentially about risks, because 
much remains uncertain about the future. My 
major beef is that he often makes risks sound 
like truths. After a sensible discussion of 
amplifying feedbacks from the carbon cycle 
and methane release, in which he states how 
uncertain and hard to quantify these still are, 
he then claims that three degrees Celsius of 
warming “inexorably leads to four degrees, 
which leads inexorably to five”. Even a small 
risk of this happening is bad enough, without 
making it sound so definite. 

Lynas, who is nota natural scientist, must be 
highly commended for basing his book thor- 
oughly on science — more so, in fact, than 
some popular books on climate change writ- 
ten by scientists. Gloomy as his story sounds, 
in some cases he may even be too optimistic. 
The possibility of violent conflict in regions 
struck by drought and food shortages is only 
mentioned in his three-degree-warming chap- 
ter. A recent report by the German Advisory 
Council on Global Change (www.wbgu.de/ 
wbgu_jg2007_engl.html) sees this risk arising 
much sooner. 

The book ends with a lucid description of 
the state of denial about climate change that 
humanity is still in (but hopefully now emerg- 
ing from), and a good account of the policy 
options available to us to stop global warming. 
Lynas is interested in leaving the reader ready 
for action, rather than depressed. 

Lynas is a gripping story-teller, making the 
book infinitely less tedious than the papers it 
is based on. A must-read for those who can 
stomach it. a 
Stefan Rahmstorf is a climatologist at the 
Potsdam Institute for Climate Impact Research, 
Telegrafenberg, 14412 Potsdam, Germany. 


Climate change will bring water shortages to many regions, but it may end ongoing drought in others. 
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Culture costs lives 


Vaccine: The Controversial Story of 
Medicine's Greatest Lifesaver 

by Arthur Allen 

Norton: 2007. 512 pp. £17.99/$27.95 


Michael B. A. Oldstone 

Vaccines, like antibiotics and improvements 
to sanitation and water quality, have greatly 
affected human health. Vaccines play a com- 
manding role in controlling such formerly 
devastating plagues as smallpox, yellow fever, 
measles, poliomyelitis, tetanus and diphthe- 
ria. The first vaccine to reduce the risk of 
developing liver cancer (hepatitis B) is now a 
reality. Nevertheless, some continue to regard 
vaccination as controversial, as Arthur Allen 
describes in his book on the evolution of vac- 
cines, associated fears and dissatisfactions as 
well as related politics and players. 

Allen is an investigative reporter who 
learned, just before his son was to receive a 
whooping-cough vaccination, that a new, ‘safe’ 
vaccine was replacing an older ‘less safe’ one. 
He then began researching the controversy 
over vaccines and the question of mandatory 
vaccination for those attending state-funded 
schools in the United States. He analyses why 
about 25% of US parents are reluctant to have 
children vaccinated, the social history of vacci- 
nation and the reasons for public ambivalence. 
Allen also deals with use of the Internet to 
obtain medical information that is frequently 
subjective, emotional and erroneous. 

Routine immunizations to prevent crip- 
pling polio or measles are carried out in devel- 
oped countries, such as the United States. The 
rationale for such mass vaccination is that if 
sufficient numbers of a population are vacci- 
nated, the incidence of disease will be low or 
nonexistent due to herd immunity. As Allen 
notes, those in the basic sciences or medicine 
consider such issues objectively — that is, 
is the benefit of preventing disease greater 
than the risk to those vaccinated? Other 
opinions often reflect the polit- 


Raggedy Ann became the symbol of a vaccine-damaged child. 


of Raggedy Ann, a floppy 
cloth doll with hair of red 
yarn that inspired the chil- 
dren’s books. It was made 
for Marcella, the daughter 
of New York City illustrator 
Johnny Gruelle, after she fell 
ill following smallpox vacci- 
nation. Raggedy Ann, with 
her limp limbs, became the 
symbol of a vaccine-dam- 
aged child. Another good 
anecdote follows the story of 
Norman McAllister Gregg, 
an Australian ophthalmol- 
ogist who in 1941 linked 
rubella (German measles) 
infection during the first 
trimester of pregnancy with 
birth defects. About 20 years 
later, almost 50,000 women 
who were not protected by 
vaccination became infected 
with German measles after 
which 67% of their children 
had birth abnormalities, 
many severe. One alterna- 
tive was illegal abortion, 
and that discovery became 
one of the catalysts in legal- 
izing abortion. 

The chapter on vac- 
cines and autism presents 
the conservatism of US 


little more than 100 years ago and the emer- 
gence of initial concepts about immunology 
and allergy followed. The history of Edward 
Jenner and the first vaccine (smallpox) along 
with the difficulty of its contamination with 
diverse infectious agents are well detailed. 
Interestingly, the religious objection dating 
back to Jenner’s time in the late 1700s that 
man must not, by using vaccines, interfere 

with God’s will has not abated. 


ical divide in the United States “What becomes Similar arguments, and others, 

between those who believein clear throughout this are raised today against using 

a free market and individual book is that, when the vaccine for the sexually 
7 


choice, and those who favour 
collective responsibility and 
government financing of pro- 
grammes to protect the health 
of all children. 

Allen’s early chapters on the 
origins of vaccination are adequate, although 
his description of medical practices in the 
eighteenth and nineteenth centuries seems 
excessive, considering that the abysmal usage 
of purges, poisons and bleeding before nor- 
mal physiology and events causing disease 
were understood. That bacteria or their tox- 
ins cause disease has only been known for 
just over 160 years, viruses were first isolated 


facts tangle with 
culture, culture 
often wins.” 


transmitted human papilloma 
virus — to prevent cervical can- 
cer — in the United States and 
the polio vaccine in Nigeria. 
Some factual errors mar cer- 
tain chapters, and others are 
difficult to follow. For example, the chapter 
on measles also covers diphtheria, pertussis 
(whooping cough), tetanus, SV40 (simian 
virus), HIV/AIDS, varicella (chicken pox), 
hepatitis B, Streptococcus, respiratory syncytial 
virus, cowpox and the flu epidemic of 1919, a 
mix sufficient to disturb any reductionist. 
Nevertheless, the book has several gems 
that will intrigue readers. One is the origin 
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Congressmen Dan Bur- 
ton (Republican, Indiana) and Curt Weldon 
(Republican, Pennsylvania), their attack on 
the National Immunization Program and their 
work with antivaccination groups. They argue 
that legislatures, as representatives of the peo- 
ple, and not scientists or public-health workers 
should decide which vaccines to administer to 
children. The proposition leaves us, to quote 
Allen, “..punched in the nose by a congres- 
sional bully. It does not matter that they were 
smart kids (scientists, public health officials), 
he (the bully) still controls the playground.’ In 
the words of the late Democratic senator for 
New York, Daniel Patrick Moynihan: “Every 
man is entitled to his own opinion, but not to 
his own facts.” 

What becomes clear throughout this book 
is that, when facts tangle with culture, culture 
often wins. For those interested in the politics 
and debate of compulsory vaccination, and the 
personalities involved in all sides of the fight, 
Vaccine is a good read. a 
Michael B. A. Oldstone is professor and head 
of the Viral-Immunobiology Laboratory in 
the Molecular and Integrative Neurosciences 
Department, The Scripps Research Institute, 
10550 North Torrey Pines Road, La Jolla, 
California 92037, USA. 
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Linnaeus and taxonomy in Japan 


Doctors at the Dutch Trading House on Dejima were a conduit for science into and out of Europe. 


His Majesty The Emperor of Japan 


In memory of Carl Linnaeus I would like 
to address the question of how European 
scholarship has developed in Japan, touch- 
ing upon the work of people such as Carl 
Peter Thunberg, Linnaeus’s disciple who 
stayed in Japan for a year as a doctor for 
the Dutch Trading House (pictured above) 
and later published Flora Japonica. 

In the first edition of Species Plantarum 
in 1753, and in his later books, Linnaeus 
described many Japanese plants 
and gave them scientific names. 
Camellia japonica, for exam- 
ple, was described in the first 
edition of Species Plantarum, 
and this scientific name is still 
used today. 

These Japanese plants were 
illustrated by Engelbert Kaemp- 
fer in his book Amoenitatum 
Exoticarum, published in 1712. 
Kaempfer was a German doctor 
who served in the Dutch Trading House in 
Japan for two years from 1690. 

At that time, Japan had isolated itself 
from the world. Japanese people were not 
allowed to go abroad, and visits by foreign- 
ers to Japan were severely restricted. As the 
policy of isolation was taken to suppress 
Christianity, the Dutch, who came for 
trading purposes only, were permitted to 
come to Japan. 

Dutch people were made to live on an 
artificial island, Dejima, built in the sea 
off Nagasaki and connected to land by a 
bridge; they could not leave the island with- 
out permission. The head of the Trading 
House, however, was to visit the shogun at 
Edo — present-day Tokyo — once a year, 


— 
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accompanied by his delegation includ- 
ing the doctor. Kaempfer thus visited Edo 
twice, taking more than 80 days for the trip 
each time. The 256 sketches of Japanese 
plants he made during his stay are now kept 
in the Natural History Museum, London. 


Rates of exchange 
In 1775, 83 years after Kaempfer left 
Japan, a Swedish doctor, Carl Peter Thun- 
berg, arrived at the Dutch Trading House. 
Thunberg was Linnaeus’s pupil and later 
became a full professor at Upp- 
_ sala University in both botany 
and medicine. 
| Whereas Kaempfer had just 
- one visit from a Japanese doc- 
_ tor during his two trips to the 
city, Thunberg was visited by 
ies five doctors and two astrono- 
pee mers the moment he arrived 
( )) in Edo. Japanese doctors had 
developed a deeper recogni- 
tion of European medicine. 
This change occurred because in 1720, 
Shogun Tokugawa Yoshimune relaxed the 
prohibition on importing books, which 
had been put in place to prevent Christian 
ideas from coming into Japan. This devel- 
opment stimulated research on European 
science, and people came to focus their 
attention on medical books written in 
Dutch. In 1774, for example, A New Book 
of Anatomy was published. This Japanese 
translation of a Dutch book was made by 
doctors of Edo, including Sugita Genpaku, 
Katsuragawa Hoshu, a physician for the 
Shogun, and his friend Nakagawa Jun- 
an, after they saw a dissection of a human 
body and were convinced of the accuracy 
of the Dutch book. 
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Katsuragawa Hoshu and Nakagawa 
Jun-an visited Thunberg almost every day 
and sometimes stayed until very late into 
the night to learn from him about various 
scientific matters. Both of them, Naka- 
gawa Jun-an in particular, could speak 
Dutch quite well. In his book Travels in 
Europe, Asia and Africa Made During the 
Years 1770-1779, Thunberg writes that he 
asked Katsuragawa Hoshu and Nakagawa 
Jun-an the Japanese names of the fresh 
plants that they brought, and taught them 
the Latin names and the Dutch names of 
the plants. 

Exchanges between Thunberg and the 
two Japanese doctors continued even after 
Thunberg’s return to Sweden. The letters 
are kept in Uppsala University. I saw them 
with Their Majesties the King and Queen 
of Sweden during our visit in 1985, as 
Crown Prince and Crown Princess, and it 
left a deep impression on both of us. 


End of anera 
We do not know exactly when the scien- 
tific names under the binomial nomen- 
clature, originated by Linnaeus, were 
introduced to Japan. Despite what Thun- 
berg writes in his book, some doubts 
remain that they were first introduced to 
Japan at his time. They started to be used 
here after a German doctor, Philipp Franz 
von Siebold, arrived at the Dutch Trading 
House in 1823. By this time, there were 
many Japanese who could speak Dutch. 
Siebold established a school of medicine 
and a clinic for treating patients in the sub- 
urbs of Nagasaki. He could also leave the 
island of Dejima to visit patients at their 
homes or to collect medicinal herbs. 

In 1829, Ito Keisuke wrote a book in 
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which Linnaeus’s nomenclature was used 
for the first time in Japan. Keisuke took 
the scientific names of plants in Thun- 
berg’s Flora Japonica, which Siebold had 
brought to Japan, put them in alphabetical 
order, and added their Japanese names. In 
his book, Keisuke introduced Linnaeus’s 
classification system as the “Explanation 
of the 24 Classes”. 

Keisuke studied under Siebold 
for six months in Nagasaki. 
When he was about to return 
home to Nagoya, he was 
given Thunberg’s book 
as a gift. Keisuke sent 
the manuscript of his 
book, A Translation 
of Thunberg’s Flora 
Japonica, to Siebold in 
Nagasaki, and Siebold 
checked it. 

In 1854, Japan and 
the United States signed 
the Treaty of Peace and 
Amity as the arrival of 
the American naval fleet 
brought to an end Japan’s pol- 
icy of isolation, which 


had lastedformorethan Carl Peter Thunberg, pupil of Linnaeus. 


following year in 1897. For this achieve- 
ment these two researchers were awarded 
the Imperial Award of the Japan Academy 
in 1912. 

The ginkgo is unique in its phylog- 
eny because it is a single-order, single- 
family, single-genus, single-species plant. 
It flourished in the Mesozoic Jurassic 
age but survived only in China, and was 

brought from China to Japan in 
ancient times. It was given a 
scientific name by Linnaeus, 
on the basis of Kaempfer’s 
illustration. 

The ginkgo tree that 

Hirase Sakugoro used 
for his research is 
still standing in the 
Koishikawa Botanical 
Gardens of the Univer- 
sity of Tokyo. I visited 
with the Empress last 
year and looked at the 
ginkgo tree, thinking 
of the research that was 
done a long time ago. 
In the twentieth century, 
as Japanese taxonomy 
made progress, more 


200 years. After that, 

Japan began establishing diplomatic rela- 
tions with many countries. The last sho- 
gun, Tokugawa Yoshinobu, resigned from 
his post in 1867, and a new government 
was formed under Emperor Meiji. 

The Meiji government sent students 
overseas and invited foreign teachers to 
Japan, and the Japanese people made a 
great effort to acquire Western knowledge. 
The foreign teachers who were invited to 
Japan at this time made a great contribu- 
tion to Japan, and the students who went 
to study overseas also contributed in vari- 
ous ways to the subsequent development 
of Japan. 


New shoots 

One of the academic achievements made 
by Japanese scientists in the nineteenth 
century was the discovery of gymnosperm 
sperm. In 1896 Hirase Sakugoro, an illus- 
trator in the botanical laboratory of the 
University of Tokyo who later became a 
research associate, observed the swim- 
ming of ginkgo sperm, and published his 
paper on this discovery in the Botanical 
Magazine (Tokyo). 

A month later, [keno Sei-ichiro, an 
associate professor in the agricultural 
department of the University of Tokyo who 
collaborated with Hirase Sakugoro, found 
cycad sperm, also reported in the Botanical 
Magazine (Tokyo). 

This discovery was not believed at 
first, but it became accepted after Zamia 
sperm, from the same cycad family, 
was discovered in the United States the 


and more new species 
began to be reported. Before that, Japa- 
nese animals and plants were given sci- 
entific names by European scientists, and 
as a matter of course, the type specimens 
used for naming them were kept in Euro- 
pean museums. Therefore, when Japanese 
researchers wanted to describe a Japanese 
animal or plant as a new species, they had 
to check the type specimens in foreign 
countries one by one, and the difficulties 
they encountered were far from trifling. 
Thanks to the efforts made by many 
people, all Japanese spermatophytes, pteri- 
dophytes and vertebrates excluding fishes 
now have scientific names. However, there 
are still many unnamed fishes; in particu- 
lar, there are many gobioids that must be 
given scientific names. 


Linnaeus referred to Kaempfer's drawings. 
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When I started my research, I frequently 
referred to a book titled Fish Morphology 
and Hierarchy by Kiyomatsu Matsubara, 
published in 1955. The book covered all 
Japanese fishes with keys to the species, 
and it listed 134 gobioids, including sub- 
species. In the more recent Fishes of Japan 
with Pictorial Keys to the Species, published 
in 2002, the number of gobioids, includ- 
ing subspecies, increased to 412, but 45 of 
them have only Japanese names and have 
no scientific names yet. 


Class act 

In 1967, I published a paper in the Japa- 
nese Journal of Ichthyology on the classi- 
fication of the four gobioid species of the 
genus Eleotris found in Japan based on the 
arrangement of their sensory papillae. In 
those days, no one in Japan was yet clas- 
sifying gobioids thus, and some people 
had considerable doubts about my classi- 
fication. The arrangement of the sensory 
papillae has now become an important 
factor in classifying gobioids, and I am 
glad that I have been able to make some 
contribution in this field. 

The binomial nomenclature estab- 
lished by Linnaeus has been immensely 
beneficial, providing a universal basis for 
taxonomy and enabling taxonomists 
around the world to communicate with 
each other through a common language 
about things existing in nature. 

Today, an even newer field of research, 
molecular biology based on evolution, 
is seeing remarkable development. As a 
result, systems based on phylogeny are 
considered to be more accurate and are 
now the mainstream of taxonomy. 

As [have been familiar with classifica- 
tions based on morphology since I was 
young, the appearance of the electron 
microscope, which enabled me to observe 
minute morphological characteristics, and 
my encounter with an even smaller world, 
where classification is based on DNA anal- 
ysis at a molecular level, have been great 
experiences for me as a researcher. 

On the 300th anniversary of Linnaeus’s 
birth, I feel that taxonomy is entering a 
new era. The analysis of mitochondrial 
DNA will open up great possibilities of 
discovering new species that cannot be 
distinguished morphologically. I hope to 
understand and take into consideration 
this newly developing field of research, but 
at the same time, I intend to continue to 
give my attention to and keep up my inter- 
est in morphology, which isa field of study 
carried on from Linnaeus’ days. a 
This is an edited extract of a speech given 
by His Majesty The Emperor of Japan 
to the Linnaean Society of London on 
29 May 2007. The full text of this speech 
(http://tinyurl.com/29djvx) will be 
published later this year by The Linnaean. 
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Light in chains 


Niek F. van Hulst 


Diffraction places a fundamental limit on the smallest scales at which light can be controlled. A nanoscale 
silver array not only circumvents the barrier, but steers different-coloured light to different places. 


Is it possible to control the concentration of 
light energy on the nanometre scale? This 
‘nanofocusing challenge’ has implications for 
a whole host of areas, including small-scale 
sensing and lasing techniques, high-resolution 
optical imaging, super-compact photonic cir- 
cuitry and ultra-sensitive biochemical analysis. 
It is no surprise, therefore, that it lies at the 
heart of a lively body of research. 

Sharp points on metallic particles and tiny 
gaps between the particles have already been 
explored extensively in the quest to generate 
optical hotspots. In taking on the nanofocus- 
ing challenge, de Waele et al.' choose another 
direction. Writing in Nano Letters, they show 
that a chain of tiny silver particles can be used 
to concentrate light at either of its ends, rather 
as an antenna concentrates radio waves. Not 
only that, but the position at which the light is 
located is determined by the light’s colour, with 
a sharp switch in position occurring at a pre- 
cise wavelength. The achievement is a notable 
step towards producing devices that can switch 
and steer light at the nanoscale. 

But why not just make a better lens? Unfor- 
tunately, conventional devices for steering 
light, such as lenses or mirrors, no matter how 
perfectly made, are limited by diffraction. This 
means that any focusing effect is limited to the 
scale of the light’s wavelength — a few hundred 
nanometres at best. Plasmonic antennas of the 
sort exploited by de Waele et al. take advantage 
of the fact that the light becomes coupled to the 
‘plasma of free electrons that suffuses any metal. 
Such antennas are generally accepted as the 
best way to get round the limitation imposed 
by diffraction and so convert light into nano- 
scale-localized energy. Proven concepts used 
for radio and microwave antennas have thus 
been revisited and scaled down to the smaller- 
wavelength domain of visible light. Optical 
dipole’ and monopole’ antennas — analogous 
to the most basic radio-antenna technologies 
— have been fabricated and used to confine 
green light fields (wavelength around 500 nm) 
to a region ofjust 20 nm. 

So far, so simple, it would seem. But the 
optics of metals has its own peculiarities and 
attractions. Among the peculiarities is that 
metals are not perfect conductors at visible 


500 THz 


Figure 1| Signal success. Multi-element antennas concentrate the energy from a source in a specific 
direction on a single element. The concept is familiar for radio waves in the megahertz-gigahertz 
bands (a). As de Waele et al.’ show (b), it works equally well for light waves of submicrometre 
wavelength (frequency around 500 terahertz). In this case, the light energy is localized at the front or 
back of the antenna element, depending on the colour of the incident light (c), opening up a range of 


new applications. 


wavelengths, as they are for radio waves. 
Instead, a metal becomes somewhat trans- 
parent: light penetrates into its surface, where 
oscillations of the metal’s free-electron plasma 
take over some of the light’s energy to form a 
resonant energy package known as a plasmon. 
To keep optical nanoantennas perfectly tuned, 
therefore, a tailored rescaling is needed that 
depends on the metal of choice, the shape of 
the antenna, the colour and polarization of the 
light, and so on*. But these complications are 
more than rewarded by the fact that resonant 
oscillation of the free-electron plasma results 
in strongly enhanced local fields — the desired 
optical hotspots — that are again determined 
by the metal and its geometry, and by the light’s 
frequency. Essentially, this is an advantage, as it 
allows lots of creativity in designing plasmonic 
antennas. 

With steady advances in fabrication 
techniques, a host of different plasmonic 
nanostructures has been crafted: particles, 
holes, wires, shells, gaps, dimers, bow-ties, 
arrays, to name just a few. Local optical 
hotspots are indeed found in most of them, 
mainly at edges and in gaps. The quest for active 
control of these hotspots has started. For 
example, attempts have been made to tweak 
the polarization of the incident light and thus 
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switch the position of the hotspots’. In a recent 
landmark experiment, a tiny spot of light was 
produced at a predefined position using a 
technique known as adaptive pulse control’, 
in direct analogy to the coherent control of 
molecular dynamics. 

Chains of nanoparticles are, like multi- 
element radio antennas, particularly flexible 
structures’ (Fig. la). In these chains, both 
plasmon coupling and interference can be 
engineered to optimize photon energy trans- 
port and localization. Already, light has been 
guided along nanowires of silver particles much 
thinner than its wavelength*, in contravention 
of the diffraction limit, and its coupling to 
localized plasma resonances has been used to 
measure nanometre-scale distances’. Recently 
it has been predicted that, when a nanoparti- 
cle chain is illuminated from one direction, 
the plasmon interferences can sweep up the 
electric field from the first to the last particle 
along the chain, leading to a huge enhancement 
in the field at the chain’s far extremity”. 

This is the effect now exploited by de Waele 
and colleagues’. In their experiment, a chain of 
ten silver particles, 110 nm in lateral diameter 
and 50 nm tall, is embedded in a homogeneous 
glass—oil environment and illuminated from 
one end (Fig. 1b). Light scattered by the chain 
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is viewed by a powerful confocal microscope. 
Remarkably, as the colour of the incident light 
is changed from green to red (increasing its 
wavelength), the area of the chain where the 
light is confined, as shown by the maximum 
amount of scattered light, flips from the front 
end to the back end, in a sharp transition at 
around 675 nm (Fig. Ic). 

This extreme sensitivity of the light con- 
finement to the incident colour points to 
wavelength-dependent interference effects, 
possibly enhanced by delayed interactions of 
the light with more distant parts of the nano- 
particle array. Indeed, nice agreement with 
the measured switching is obtained in a full 
dynamic calculation that includes such retarda- 
tion effects. The authors stress that a quasistatic 
approach — one that takes into account interac- 
tions only in a particle's near field — produces 
no asymmetric light localization. 

Efficient funnelling of the light to a local- 
ized spot therefore requires proper tailoring 
of the interferences caused by coupling 
between several resonant plasmonic particles. 
Moreover, the fact that the widely used quasi- 
static approach is invalid is a severe caveat 
concerning the reliability of many near-field 
calculations on plasmonic nanostructures. 
In this context, it should be noted that a scat- 
tering image such as that viewed by de Waele 
et al. is dominated by areas where the plasmon 
is converted into emitted light, and it would be 
interesting to compare this image with a map 
of the plasmon mode in its near field. 

Asa final point, it is interesting to return to 
the comparison of the nanoparticle array to the 
traditional dipole-array (Yagi Uda) antenna 
(Fig. 1a) used to pick up radio or television 
signals from a station in a specific direction. 
The spacing between the elements in such 
an antenna is optimized for constructive 
interference to enhance the directional sensi- 
tivity and concentrate the response at the final 
element — in full analogy to de Waele and col- 
leagues optical array’. Yet there is a significant 
difference: the nanoparticle antenna relies on 
electron-plasma oscillations that can be tuned 
and exploited independently. Moreover, the 
optical antenna is resonant at wavelengths 
similar to those of the optical transitions of 
molecules and quantum dots. One can expect 
that this resonant coupling will soon be 
exploited to produce ultra-small, wavelength- 
sensitive directional sensors or emitters based 
on nanoparticle chains. In this dynamic field, 
stay tuned for new surprises soon. a 
Niek F. van Hulst is at ICFO - The Institute of 
Photonic Sciences, Mediterranean Technology 
Park, Avinguda del Canal Olimpic, 08860 
Castelldefels (Barcelona), and ICREA - Institucid 
Catalana de Recerca i Estudis Avancats, 08015 
Barcelona, Spain. 
e-mail: niek.vanhulst@icfo.es 
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GENE TRANSCRIPTION 


Extending the message 


Patrick Cramer 


During transcription, RNA polymerase catalyses the addition of nucleotides 
to the growing RNA chain. High-resolution structural snapshots indicate 
that the polymerase first identifies its substrate, and then incorporates it. 


Life is chemistry — well, at least it is to the 
molecular biologist. But chemical details 
remain unclear even for some of the funda- 
mental cellular processes such as gene tran- 
scription. In two papers published on pages 
157 and 163 of this issue, however, Vassylyev 
and colleagues'” provide detailed structural 
insights into the process of transcription and 
suggest a two-step mechanism for adding 
building blocks to a growing RNA chain. 

In all living cells, gene transcription is the 
first step in the decoding of genetic informa- 
tion. During transcription, the enzyme RNA 
polymerase (RNAP) moves along a DNA tem- 
plate and synthesizes a complementary chain 
of ribonucleotides — the messenger RNA. 
Extension of the RNA chain begins with the 
binding of a nucleoside triphosphate (NTP) 
substrate to the transcription elongation com- 
plex, which consists of RNAP, DNA and RNA. 
Catalytic addition of the nucleotide to the 
growing end of the RNA chain then releases 
a pyrophosphate ion. Finally, translocation of 
DNA and RNA over the RNAP surface frees 
the substrate-binding site for the next NTP. 

In previous attempts to understand the 
mechanism of transcription, structural 
information on the elongation complexes 
containing eukaryotic RNAPII or bacterial 
RNAP was obtained*’. These studies showed 
that DNA enters a cleft-like channel in RNAP. 
A short hybrid duplex then forms between 
the DNA template strand and the RNA prod- 
uct above the active site of RNAP at the floor 
of the cleft. These studies had also indicated 
possible mechanisms both for the separation 
of the two DNA strands close to the active 
site and for RNA-DNA separation at the end 
of the hybrid. 

In some elongation-complex structures, 
NTP-binding sites were also observed within 
RNAPII (refs 4-6). The NTP substrate was 
found to be trapped in the insertion site of 
RNAP** — which is apparently occupied dur- 
ing the catalytic extension of the RNA chain 
— but also in an overlapping position that 
slightly differed, indicating the existence of 
a catalytically inactive NTP-bound state’. 
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Figure 1| Two-step mechanism of RNA chain 
elongation during transcription. Vassylyev 

et al.'” found that, during transcription from a 
DNA template, elongation of an RNA sequence 
involves the binding of a nucleoside triphosphate 
(NTP) to the RNA polymerase (RNAP) enzyme 
in an inactive ‘pre-insertiom state; this is 
characterized by partial folding of the RNAP 
trigger loop. Complete folding of the trigger loop 
brings the two metal ions, I and II, of RNAP close 
together, delivering the NTP to the insertion site, 
where catalysis leads to nucleotide incorporation 
and the release of pyrophosphate. 
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However, the earlier studies suffered from 
relatively low resolutions, ranging from 
3.5t04.5 A. 

In one of their two papers’, Vassylyev et al. 
now present the crystal structure of an elon- 
gation complex containing bacterial RNAP 
at 2.5 A — the highest-resolution structure 
of an elongation complex for a cellular RNAP, 
and the first crystal structure of an elongation 
complex containing bacterial RNAP. They find 
that the arrangement of DNA and RNA in the 
complex is very similar to that of RNAPI- 
containing elongation complexes in higher 
organisms; this reflects a conserved mecha- 
nism of transcriptional elongation throughout 
evolution. 

The authors also imaged an RNA single 
strand within an exit tunnel that leads to the 
enzyme surface. The exit tunnel could widen 
and accommodate an RNA duplex, which 
forms a hairpin structure during pausing and 
termination of transcription. The elongation 
complex structure further shows that DNA 
strands are separated just before the active site, 
allowing only one NTP to bind at a time. 

The new structure of the bacterial elongation 
complex allowed Vassylyev and colleagues to 
carry out detailed analysis of the mechanism 
of nucleotide incorporation into the growing 
RNA chain in a separate study’. They deter- 
mined two crystal structures of the bacterial 
elongation complex bound to a non-reactive 
NTP analogue at a resolution of 3.0 A — one 
in the absence and one in the presence of the 
antibiotic streptolydigin. 

In the absence of streptolydigin, NTP binds 
to two catalytic metal ions at the insertion site, 
in agreement both with structural and func- 
tional information for RNAPII (refs 4,8,9) 
and with a general two-metal-ion mecha- 
nism of action for polymerases”. Metal ion I 
(or A) is persistently bound to RNAP, whereas 
metal ion II (or B) binds the triphosphate 
moiety of NTP, and is recruited ad hoc. When 
NTP binds to the insertion site, a mobile part 
of the active centre called the trigger loop folds 
completely”®. 

By contrast, in the presence of streptolydigin, 
the trigger loop folds only partially, and the 
NTP binds to RNAP ina catalytically inactive 
‘pre-insertion state. In this state, the base and 
sugar groups of NTP are essentially bound as 
they normally bind during insertion, but its 
triphosphate group and metal ion II are too 
far from metal I to allow catalysis. Thus, the 
antibiotic apparently inhibits transcription 
by preventing complete folding of the trigger 
loop, thereby impairing NTP delivery to the 
insertion site. 

The two overlapping but chemically distinct 
NTP-binding sites in the RNAP active centre 
support a two-step mechanism of nucleotide 
incorporation into the growing RNA chain 
(Fig. 1). The NTP would first bind to an open- 
conformation active centre in an inactive 
pre-insertion state. Complete folding of the 
trigger loop then leads to the closure of the 


active centre, delivery of the NTP to the inser- 
tion site, and the formation of all contacts 
required for catalysis. Biochemical data strongly 
support the existence of the pre-insertion state, 
as mutations that interfere with folding of the 
trigger loop hardly affect NTP binding, but they 
slow catalysis, apparently because NTP delivery 
to the insertion site is impaired”. 

The two-step mechanism helps explain 
transcription fidelity. Selection of the correct 
NTP would begin by sampling of substrates in 
the pre-insertion state, when Watson-Crick 
base pairing between the correct NTP and 
the DNA template is established, and RNAP 
contacts discriminate between an NTP anda 
deoxy-NTP, to prevent DNA synthesis. The 
appropriate NTP is then delivered to the inser- 
tion site, where its correct base pairing with 
the template is double-checked by a tight fit 
in the complementary closed active centre. 
Subsequent catalysis leads to RNA extension 
and pyrophosphate formation. It could be the 
release of pyrophosphate that destabilizes the 
closed conformation of the active centre’!, 
leading to the unfolding of the trigger loop, and 
enabling translocation of the nucleic acids. 

How exactly translocation occurs, however, 
remains an open question. Another outstand- 
ing puzzle is how various external factors 


that regulate transcription influence RNA 
synthesis. By mutating specific amino-acid 
residues in RNAP, researchers should now be 
able to further define the transcription mecha- 
nism and the functions of the trigger loop and 
other components of this enzyme. The results 
of Vassylyev and colleagues’” provide new clues 
on how to design such mutations and how to 
address the remaining questions. a 
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EXTRASOLAR PLANETS 


Water on distant worlds 


Heather A. Knutson 


Is the presence of water a feature common to all gas-giant planets? The 
first convincing detection of water vapour in the atmosphere of sucha 
planet from outside our Solar System indicates that the answer is yes. 


Gas-giant planets — Jupiter, Saturn, Uranus 
and Neptune in our own Solar System — 
generally form at large distances from their 
parent star. Here, radiation is less intense, and 
so water and other low-mass elements and 
compounds, such as methane, can be more 
easily accreted in the form of ices onto the newly 
formed protoplanet. This process explains why 
the Solar System’s gas giants contain signifi- 
cantly larger quantities of water than does the 
relatively rocky planet we call home. The rule is 
expected to hold for gas giants outside our Solar 
System, which we presume formed through 
similar processes. Until recently, however, the 
only planets we were able to study in the neces- 
sary detail were those in our own backyard. 
On page 169 of this issue, Tinetti and col- 
leagues’ provide the first convincing evidence 
for water vapour in the atmosphere of an 
extrasolar planet. The hot gas-giant planet, 
or ‘hot Jupiter, that they studied, known as 
HD 189733b, is too far away to be imaged 
directly. Instead, the authors took advantage 
of the unusual geometry of the system, which is 
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oriented such that the planet eclipses its parent 
star once every orbit. This transiting geometry 
of HD 189733b was exploited most recently to 
produce the first-ever infrared ‘map of the 
temperatures in an extrasolar planet’s atmos- 
phere*’, Because, unlike the giants of our Solar 
System, HD 189733b orbits extremely close to 
its parent star — at less than 3% of the Earth-Sun 
distance — these temperatures range from 
a toasty 1,200 kelvin on the dayside of the 
planet to a relatively balmy 970 kelvin on the 
nightside. 

Tinetti et al. used NASA’ powerful Spitzer 
Space Telescope to look for the signal of water 
absorption in starlight transmitted through the 
edges of the planet's atmosphere during tran- 
sit. This method was applied successfully a few 
years ago to detect sodium in the atmosphere 
of a hot Jupiter*. The authors find that the 
effective light-blocking area of HD 189733b is 
slightly larger when measured at a wavelength 
of 5.8 xm than at 3.6 um. This difference, they 
conclude, is the effect of water vapour in the 
planet’s atmosphere, which will absorb more 
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light at the longer wavelength and transmit 
more at the shorter wavelength. 

The detection comes as a relief for the theo- 
rists who had predicted” * that water vapour 
should be a significant component of the 
atmospheres of hot Jupiters. But it contra- 
dicts previous studies of the same planet’ and 
of another hot Jupiter’®, both of which found 
no evidence for water. The earlier study of 
HD 189733b involved looking for evidence 
of water absorption in the spectrum of light 
emitted by the hot dayside of the planet’? (HD 
189733b always presents the same face to its 
parent star). 

So how can these findings’ and the seem- 
ingly contradictory conclusions of the earlier 
work’ be reconciled? A previous theoretical 
study’ might hold the key: owing to the intense 
radiation from the star, the temperature of HD 
189733b’s atmosphere might remain constant 
over a range of altitudes (unlike Earth's atmos- 
phere, which gets colder the higher you go). 
Absorption lines in a spectrum are created 
when radiation from a hot source (the interior 
of the planet in the earlier study) travels 
through a layer of cooler gas, where molecules 
selectively absorb light at a few frequencies. If 
the interior of the planet is the same tempera- 
ture as the outer layers, this absorption doesn't 
occur, and the spectrum of light emitted from 
the dayside of the planet will be featureless. 

This effect would wash out the signature 
of water in the dayside emission spectrum 
observed in the first study’, even if a large 
amount of water were present. Tinetti et al. ‘ 
however, measured light from the star that then 
passed through the outer layers of the planet's 
atmosphere. Because the star is always much 
hotter than the planet, the spectrum of this 
light will always have absorption lines, regard- 
less of the temperature profile in the planet’s 
atmosphere. The authors’ measurement is 
also consistent with a previous claim" that 
water had been detected in the transmission 
spectrum of another hot Jupiter, HD 209458b. 
However, instrument effects in these data could 
have created the same signal, making this claim 
merely suggestive. The new data, by contrast, 
provide solid evidence. 

But the data do contain a big surprise: the 
strength of the observed signal is almost four 
times larger than predicted by current models 
of such planets’ atmospheres’”’. Tinetti and 
colleagues argue that, rather than requiring 
a significantly higher abundance of water in 
the planet’s atmosphere, this strong absorption 
signal can be explained by including the full 
range of predicted absorption lines for water 
molecules at the high temperatures found in 
HD 189733b’ atmosphere’. Previous models 
have used only those absorption lines meas- 
ured in laboratory experiments, which were 
performed at significantly lower tempera- 
tures and therefore did not include some of 
the effects, such as interactions between water 
molecules, that are predicted to occur at these 
high temperatures. 


Although this detection is a significant step 
forward, there is still much that we do not know 
about HD 189733b and similar hot gas-giant 
planets. The discovery of gas-giant planets so 
close to their parent stars was a great surprise 
to the astronomical community. Until then, it 
had been assumed that most planetary systems 
would look similar to our own, with smaller, 
rocky planets closer in and giant gaseous 
planets only farther out. 

We still do not entirely understand how 
these massive planets migrate into such close 
orbits around their parent stars, or the effect 
that their extreme environment has on their 
structure. The discovery of water highlights 
one area of similarity between these unusual 
planets and the gas giants of our own Solar Sys- 
tem. But the surprising strength of the detected 
signal is yet another demonstration that what 


we find is never quite what our models might 
lead us to predict. a 
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PLANT ECOLOGY 


Family roots 


Ragan M. Callaway and Bruce E. Mahall 


Experiments in which related and unrelated plants were grown together 
reveal the ability of roots to recognize their kin. The ecological and 
evolutionary implications are tantalizing topics for future studies. 


Knowing who are your relatives and who are 
not creates behavioural, ecological and evolu- 
tionary opportunities. Organisms capable of 
recognizing kin can adjust territories, avoid 
incestuous mating, decide to fight or not and, 
importantly, benefit evolutionarily from pro- 
moting the success of brothers, sisters and 
cousins — individuals that share their genes. 
Kin recognition is widespread in animals that 
recognize relatives by sight, hearing, smell and 
even taste. Dudley and File’, writing in Biology 
Letters, now demonstrate that plants can also 
recognize their family members — through 
their roots. 

Plants do not see, hear, smell or taste. But 
they communicate with each other in other 
ways, including chemical signalling among 
roots’; unknown mechanisms for pollen-stigma 
recognition; chemical signals between parasitic 
plants and their hosts’; volatile molecules emit- 
ted as warning signals by leaves damaged by 
attack’; gases in smoke from burning plants’; 
and neighbour-altered light-wavelength ratios’. 
Some of these communication techniques func- 
tion to discriminate between self and non-self’, 
and between members of the same population 
and those of a distant population®. However, 
unequivocally documenting self versus non-self 
recognition has proved difficult’, and clear dem- 
onstrations of recognition of relatedness among 
plants are still rarer. If plants, like animals, can 
distinguish related non-self from unrelated non- 
self “and adjust their behaviour on the basis of 
kinship””’, thereby enhancing the prosperity of 
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close relatives, their genes might preferentially 
be passed on to future generations in a process 
knownas kin selection. 

But to do this, kin must first be distinguished 
from strangers. A plant called the Great Lakes 
sea rocket (Cakile edentula; Fig. 1, overleaf) 
seems to possess this ability. Dudley and File’ 
found that, when individuals from the same 
mother were planted together in a pot, the total 
root mass produced was less than when indi- 
viduals from different mothers were planted 
together. It is not clear whether kin-recogniz- 
ing siblings reduced their own root growth, 
or whether unrelated individuals aggressively 
increased root growth to seize resources in a 
‘tragedy of the commons scenario". Either way, 
roots of the sea rocket responded differently to 
kin than to strangers. A possible result of lower 
root mass in the presence of kin is less root 
overlap, which could mean less competition for 
resources among kin than among strangers. 

Root behaviour’, overlap and competition 
were not directly measured by Dudley and 
File, however, leaving the ecological and evo- 
lutionary consequences in question. As Hans 
De Kroon remarked to one of us, for kin rec- 
ognition to be interpreted as kin selection, one 
must demonstrate that recognizing kin results 
in increased progeny among the group of rela- 
tives — that is, in increased fitness. The plants 
in Dudley and File’s experiment showed no 
such reproductive increase, but this may have 
been because they were grown in pots. Pots 
can be good for detecting root recognition but 
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50 YEARS AGO 

“Dr. Josephine Macalister Brew, 
C.B.E.” — It is hard to believe 

that Dr. Macalister Brew is dead; 
for if any one adjective could 

have described her it would 

have been the hackneyed word 
‘vital’... [but it] was not surprising 
that she was worked to death. 
Government departments, 
charitable trusts, bodies as varied 
as the Marriage Guidance Council 
and the Educational Drama 
Association all made demands 
on her strength; and to none of 
them did she give half-measure.... 
there must be scores [of boys and 
girls] who remember this odd 
little figure who knew what they 
were thinking before they did and, 
more, could put it into intelligible 
words. 

From Nature 13 July 1957. 


100 YEARS AGO 
The problem of determining 
the motion of the sun amongst 
the stars has undergone a great 
change in consequence of Prof. 
J.C. Kapteyn’s investigations... 
These researches indicated 
that the stars surrounding us do 
not forma simple system, but 
a dual one. Froma discussion 
of the motions of the stars of 
Bradley's catalogue, Prof. Kapteyn 
demonstrated the existence of 
two great streams of stars passing 
through one another, and found 
the directions of motions of these 
streams relative to the sun and to 
one another. The Bradley stars, 
numbering about 2600, are mainly 
stars visible to the naked eye; they 
cover nearly three-quarters of the 
celestial sphere, and throughout 
the whole of this area Prof. 
Kapteyn found the two streams 
prevailing, and it seemed probable 
that all the stars he examined 
belonged to one or other of the two 
streams... In conclusion, whilst 
Prof. Kapteyn’'s theory accounts 
inasimple manner for the very 
anomalous and unsymmetrical 
way in which the directions of 
motion of the stars are distributed, 
itis still awaiting the verdict of the 
spectroscopic determinations of 
line-of-sight velocities. 

A.S. Eddington 


Figure 1| The Great Lakes (or American) sea rocket, Cakile edentula. Dudley and File’s experiments’ 
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on root growth show that kin recognition occurs in this species. Whether kin recognition translates 
into kin selection in sea rocket remains an open question. 


they are lousy for assessing a plant's full growth 
potential. Avoidance of root overlap, as a con- 
sequence of recognition, requires space, and 
space is severely restricted in pots. 

In a natural field setting, however, a plant 
detecting neighbouring kin at low densities 
could decrease root growth in the vicinity of 
neighbours and increase root growth away 
from them, thereby decreasing root overlap 
and competition for resources and increasing 
its performance. In support of this possibility, 
other research on sea rocket has shown that, 
in the field, groups of siblings have higher 
reproduction rates than groups of strangers’. 
By demonstrating kin recognition, Dudley and 
File have taken the critical first step; measuring 
the fitness consequences should be compara- 
tively routine. 

Kin recognition is sometimes linked to altru- 
ism, but reduction in root growth and overlap 
among sibling neighbours may not be purely 
altruistic. By detecting family members and 
sharing space with them, sea rockets may sim- 
ply be ensuring that direct competition for 
resources does not suppress all members of 
the group. Competition among densely spaced 
individuals could result in a limiting resource 
being spread so evenly among relatives that no 
individual acquires enough to reproduce. This 
would bea disaster for an annual species such as 
sea rocket. On the other hand, kin recognition 
accompanied by inhibition’ of neighbouring 
roots may constitute a formidable interference 
mechanism that would allow plants to form 
large enough territories’ for the successful 
growth and reproduction of some family mem- 
bers at the expense of others. Kin recognition, 
therefore, may not directly benefit all members 
in a family. But it may increase the odds that at 
least a few members will successfully pass on the 
family genes to the next generation. 


their relatives? No one knows. Possibilities 
include communication through chemical 
exudates, released volatile molecules, electrical 
signals, and enzymes functioning at cell sur- 
faces’, Research ona desert shrub, Ambrosia 
dumosa, suggests that root interactions may 
involve at least two levels of recognition and 
interplay among physiological and genetic 
components. At the self versus non-self level, 
roots on the same individual shrub did not 
inhibit each other upon contact, whereas roots 
from genetically identical but physically sepa- 
rated individuals did’. At the population level, 
roots on different plants from the same popula- 
tion inhibited each other, whereas those from 
different populations did not*. In addition, 
recognition and response probably constitute 
two different mechanisms, because studies on 
other species have found, in contrast, that self- 
recognition can lead to inhibition”. 

Clearly, research on root behaviour is 
just beginning. But if neighbour identity 
commonly dictates root interactions, major 
overhauls of theories that assume that direct 
resource competition determines plant com- 
munity organization will be necessary. And if 
kin recognition among roots can be unequivo- 
cally linked to evolutionary consequences, we 
will have to expand the pool of mechanisms 
known to drive plant evolution. a 
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NEUROPHYSIOLOGY 


Channelling cold reception 


Bernd Nilius and Thomas Voets 


Perception of cold and hot is one of life's essentials. Three research teams 
find that, when a temperature-sensing receptor is deleted in mice, the 
animals lose their response to a range of cold temperatures. 


In his description of the five senses, Aristotle 
described visus (sight) as the most supreme 
sense, yielding the highest pleasure, and con- 
tactus (touch and sensing temperature) as the 
most rudimentary sense, required for sheer 
survival!. Indeed, to maintain a healthy core 
body temperature of 37 °C, humans — like 
other animals that can retain a relatively con- 
stant internal body temperature — need to 
be able to ‘feel’ the ambient temperature and 
show a suitable physiological or behavioural 
response to drastic fluctuations in it. 
Ambient temperatures are sensed by cells of 
the peripheral nervous system, which convey 
thermal information from the skin and periph- 
eral tissues to the brain (for reviews see refs 
2,3). Three papers*®, including one by Bautista 
et al. in this issue, now report the consequences 
of deleting the gene encoding a peripheral cold 
sensor called TRPMB8. These researchers find 
that mice that do not have the TRPM8 cation 
channel — a member of the transient receptor 
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Figure 1| Sensing cold. Three studies*® implicate the TRPMS8 cation 
channel in cold perception. a, Stimulation of TRPM8 in free nerve 
endings of C and A6 fibres leads to the repetitive discharge of action 
potentials. These signals propagate into the dorsal root of the spinal 
cord, and stimulate neurons that transmit thermal information to the 
brain. b, Stepwise changes in temperature evoke mirror responses 

in warm and cold fibres. Warm fibres expressing heat-activated, 
temperature-sensitive TRPs respond to sudden heating with a transient 
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potential (TRP) family — have severe defi- 
ciencies in sensing cold and in cold-induced 
behaviour. 

It is not surprising that the deletion of the 
TRPMB gene leads to reduced cold sensitiv- 
ity. Previous studies had shown that TRPM8 
is a temperature-sensitive TRP channel that 
is activated by moderate cooling and by ‘cool 
substances such as menthol, eucalyptol and 
icilin’. It is expressed in the free nerve endings 
ofa subset of small-diameter sensory neurons’; 
the nerve fibres of these neurons, which are not 
covered by the myelin sheath, carry sensory 
information from the skin to the brain (Fig. 
la). Consequently, TRPM8 had been proposed 
as the source of non-painful and painful reac- 
tions to cold’ and as the molecular mediator of 
cold-induced pain relief®. 

The results of studies*® on TRPM8- 
deficient mice mainly endorse these earlier 
views. At a cellular level, all three studies*° 
showed that sensory neurons of these mice 
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show a drastically blunted response to cold 
stimuli — for example, a drop in temperature 
from around 30 °C to below 20 °C — and to 
menthol. Behavioural studies*° illustrate the 
consequences of such severe deficits in cold 
sensation. When given the freedom of choice, 
mice with their TRPM8 gene intact prefer to 
reside in a warm (around 30 °C) rather than a 
cool (20 °C or lower) zone. By contrast, those 

without TRPM8 do not discriminate against 
cool temperatures, cheerfully walking into the 
cold. Moreover, these mice no longer exhibit 
the typical ‘wet-dog-shake’ response to injec- 
tions of icilin, and show a reduced sensitivity 
to extreme and painful cold stimuli. Finally, 
Colburn et al." find that TRPM8 might par- 
ticipate in hypersensitivity to cold, which 
is observed after inflammation or nerve 
injury’. 

So, do these studies fully elucidate the 
mechanism of cold sensing? Not really. 
First, all three papers* ° equivocally report 
the existence of a fraction of neurons in the 
TRPM8-deficient mice that still respond to 
cold. These neurons have a low tempera- 
ture threshold for activation by cold (12 °C 
compared with around 22 °C for TRPM8- 
containing neurons)®, and so they might 
be important for noxious cold sensing. The 
debate about whether the remaining cold 
sensitivity is mediated by another TRP chan- 
nel, TRPA1 (ref. 3), is ongoing, and analysis of 
mice lacking both TRPM8 and TRPA1 should 
eventually settle this. Furthermore, another 
recent study’’ reports that a non-TRP chan- 
nel — the voltage-dependent sodium channel 
Na,1.8 — is a candidate sensor of very low 
temperatures. 

These observations on TRPM8-deficient 
mice*° also prompt a look back at neurophys- 
iological results on the fundamental basis of 
temperature sensation published in the early 
1950s. Hensel and Zotterman” reported the 
temperature dependence of cutaneous C and 
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increase in the discharge frequency of action potentials (on-response), 
whereas sudden cooling leads to a transient decrease in frequency 
(off-response). Cold fibres expressing the TRPM8 channel show an 
opposite reaction — an off-response to heating and an on-response to 
cooling. ¢, Steady-state discharge rates of cold and warm fibres. Note 
that the same steady-state discharge rate can occur at two different 
temperatures in a single fibre, raising the question of how the sensation 
of different temperatures is decoded. 
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Danger in the diet 


Visit websites selling homeopathic 
remedies, and sooner or later you 
will find the virtues of extracts of 
Aristolochia clematitis extolled. The 
dark side of this plant's biochemical 
products is examined by Arthur 
Grollman, Bojan Jelakovic and 
colleagues in Proceedings of the 
National Academy of Sciences 

(A. P. Grollman et al. Proc. Nat! 
Acad. Sci. USA doi:10.1073/ 
pnas.0701248104). They provide 
a strong case that the aristolochic 
acid produced by A. clematitis is 
the cause of endemic (Balkan) 
nephropathy. 

This disease results in kidney 
failure and is associated with cancer 
of the upper urinary tract. Its name 
stems from its incidence in farming 
communities along tributaries of the 
Danube. Here, as Grollman 
et al. confirmed in their early work 
done in Croatia, the plant grows 
in wheat fields and its seeds 
become mixed with wheat grains 


during harvesting — and so can 
contaminate the flour that is 
subsequently baked into bread. 

The authors’ investigations were 
prompted by similarities between 
endemic nephropathy anda 
condition called aristolochic acid 
nephropathy, which was identified 
in a group of women in Belgium 
and attributed to their use of 
herbal products as part of a 
slimming regime. Aristolochic 
acid reacts with DNA, and forms 
tell-tale biomarkers that can be 
used as indicators of exposure to 
the substance. 

These biomarkers indeed turned 
out to be present in Croatian 
patients with endemic nephropathy, 
and malignancies of the upper 
urinary tract, who had long inhabited 
villages likely to be subject to dietary 
contamination. They were not 
seen in patients with other 
types of kidney disease. 

Grollman et al. then went further, 


delving into the mutational 
background of the cancers. 
They focused on the tumour- 
suppressor protein p53, which 
helps protect the genome 
against damage. Here they 
identified a large proportion of 
switches of the adenine-thymine 
nucleotide coupling in DNA 

to thymine-adenine. This 
mutational ‘fingerprint’ is 

also seen in cultured cells 

and in rodents treated with 
aristolochic acid. Allin all, 

the authors’ detective work 
provides enough evidence to put 
A. clematitis in the dock, if not to 
allow an outright conviction. 

Other causes of endemic 
nephropathy have been 
considered over the years, including 
one that echoes the notorious case 
of ergotism. This disorder was 
eventually attributed to the action 
of toxins produced by fungal 
infection of cereals. A fungal toxin, 
ochratoxin A, has likewise been 
proposed as the agent behind 
endemic nephropathy, but the 
authors find the case for that 
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to be weak. However, they estimate 
that only about 1in 20 people 
exposed to high levels of 
aristolochic acid develop overt 
disease. They conclude, then, 

that there must be a large genetic 
component to susceptibility, and 
investigations of that aspect will 
shortly be under way. 

Tim Lincoln 


A6 fibres, which are part of specific thermo- 
sensor neurons present in nearly all vertebrates, 
but are especially important in mammals 
(Fig. 1a). These classic studies showed that 
neurons containing cold receptors (C and Ad 
fibres) or warm receptors (mainly C fibres) 
exhibit a static discharge frequency of action 
potentials. In neurons containing warm recep- 
tors, the discharge frequency increases steeply 
when the temperature rises from 30 °C to 
43 °C and then falls off at higher temperatures; 
in those with cold receptors, the discharge 
frequency rises as temperature drops from 
40 °C to around 25 °C, and then decreases to a 
stationary frequency (Fig. 1c). 

Based on the input from both cold and warm 
fibres, the central nervous system somehow 
identifies temperatures below the thermo- 
neutral skin temperature of about 33 °C as cold, 
and temperatures above this as warm. An out- 
standing question is how the static discharge 
pattern relates to the activity of TRPM8 and 
other temperature-sensitive TRPs. Bautista 
and colleagues® provide some insights from 
recordings of cutaneous C and A6 fibres. 

Usually, gradual cooling of cold-sensitive 
C fibres from 35 °C to 2 °C activates a burst 
of action potentials, with the fibres eventually 
adopting a residual firing rate. In mice with- 
out TRPM8, the activation phase is absent, but 
the residual firing is preserved. This indicates 
that cold-induced activation and subsequent 
desensitization of TRPM8 underlie the trans- 
ient discharge pattern that occurs on cooling. 
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The instantaneous responses of warm and 
cold receptors to temperature are mirror images 
of one another. Warm receptors exhibit an on- 
response (increase in discharge frequency) on 
heating, and an off-response on cooling; the 
opposite is true for cold receptors (Fig. 1b). This 
implies that cooling evokes a dual message to 
the brain: an increased activity of cold-sensi- 
tive fibres and a decreased activity of warm- 
sensitive fibres. It might also explain the 
classical psychophysiological observations 
in Ernst Weber’s ‘three-bowl experiment, 
also called Weber’s illusion’*: coming from 
a bowl with cold water, water at neutral tem- 
perature feels warm; coming from a bowl with 
warm water, the same neutral temperature is 
perceived as cold. 

Through single nerve-fibre recordings, 
Bautista et al.° found that part of the on- 
response of cold receptors to a cold stimulus is 
due to TRPM8 activation. However, whether 
the off-response of these TRPM8-expressing 
cold fibres contributes to warm perception, or 
whether the closing of heat-activated thermo- 
TRPs contributes to a cold response, remains 
unclear. 

A further crucial difference between 
cold and warm sensations is illustrated 
by another warm receptor — TRPV3. This 
receptor is expressed in the keratinocyte 
cells of the skin, which pass the signal to the 
sensory neurons through an unidentified 
messenger system’’. Can such an indirect 
mechanism of nerve-fibre activation in 
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response to cold also be relevant to TRPM8? 
Aristotle appreciated the basic importance 
of thermosensation for survival. It is curious, 
however, that these studies* °did not look into 
the consequences of loss of cold sensitivity 
on thermoregulation and core temperature. 
A lower core temperature may even increase 
the lifespan", so the cold-indifferent TRPM8- 
deficient mice might live longer than their 
cold-fearing normal mates. Nonetheless, these 
studies re-ignite the excitement about TRPs 
once again. a 
Bernd Nilius and Thomas Voets are in the 
Department of Molecular Cell Biology, Division 
of Physiology, Campus Gasthuisberg, KU Leuven, 
Herestraat 49, B-3000 Leuven, Belgium. 
e-mail: bernd.nilius@med.kuleuven.be 
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Pierre-Gilles de Gennes (1932-2007) 


Pioneer of soft-matter physics. 


“Chacun en nous a son trésor d'images entrevues 
dans un instant mais jamais oubliées. Un 
exemple pour moi: Picasso peignant a grands 
traits blancs sur une vitre et filmé par Clouzot. 
Tout ce que jai essayé de dessiner laborieusement 
plus tard est né de ces moments la.” 

“Every one of us has a treasure of images 
caught in glimpses but never forgotten. A 
personal example: Picasso painting white 
lines on glass using large strokes, filmed 
behind the glass by Clouzot. Everything 
that I tried painting laboriously later was 
born from such glimpses.” (Pierre-Gilles de 
Gennes, from L’émerveillement by Thibaut de 
Wurstemberger, Saint-Augustin, 1998.) 

With his strikingly simple yet pioneering 
ideas, Pierre-Gilles de Gennes drew 
‘white lines in large strokes’ that defined 
the physics of soft matter — liquid crystals, 
polymers, colloids and surfactants. He died 
on 18 May. 

Educated at the Ecole Normale Supérieure 
in Paris during 1951-55, de Gennes learned 
theoretical physics from the greatest 
masters of his time. He obtained his PhD 
in 1957 while at the French Atomic Energy 
Commission, specializing in magnetism 
and neutron scattering. During a stay at the 
University of California, Berkeley, in 1959 he 
studied with the solid-state physicist Charles 
Kittel, who taught him how to communicate 
ideas in physics using plain language, so 
avoiding the use of daunting equations. 

After two years in the French navy, 
de Gennes founded a research group at the 
University of Paris, Orsay, in 1961. Working 
on superconductivity, he became a self- 
proclaimed “theoretician of the tangible” — a 
theoretical physicist who works closely with 
experimentalists. But it was in 1967 that he 
started on work in the area that made him 
famous, creating the Orsay Liquid Crystals 
Group. Assembling a group of specialists 
from the fields of optics, crystallography 
and magnetism, along with theoreticians, he 
formed a truly multidisciplinary team. 

De Gennes fostered a collective research 
effort that is scarcely imaginable today. 
Papers were signed not with the names 
of individuals, but with the name of the 
group. Theoreticians would spend half their 
time contemplating liquid crystals under 
the microscope and discussing practical 
experiments. Researchers would often 
arrive in the morning to find a note from 
de Gennes that would launch them in yet 
another ground-breaking direction. Calling 
on his vast knowledge of physics, de Gennes 
drew analogies between different fields. For 
example, he realized that laws developed 


to describe superconductivity phenomena 
could be used to understand phase 
transitions in liquid crystals. 

His nomination to the prestigious Collége 
de France in 1971 coincided with the end of 
his liquid-crystal research and the beginning 
of his work on polymers. Over the next three 
decades, de Gennes gave a series of public 
lectures on a different subject each year 
— colloids, granular matter and adhesion, 
to name just a few. While lecturing on 
phase transitions, de Gennes discovered 
the analogy between the conformations 
of polymer chains and the alignment of 
magnetic moments at a magnetic phase 
transition. This so-called ‘n = 0’ theorem 
turned polymer physics upside-down, 
allowing theories of phase transitions to be 
applied to polymers and earning him the 
Nobel prize in 1991. 

De Gennes was a proponent of the idea that 
diverse phenomena could be analysed with 
scaling arguments — that problems could 
be simplified by invoking a characteristic 
time and length scale. This approach helps 
get to the heart of a problem and guides 
experiments. During this period, he started 
to use images to explain his ideas, and found 
creative language to describe these images. 
Each theory based on scaling arguments 
became the subject of a drawing. For 
instance, he likened a polymer solution to 
a fishing-net and called the mesh a ‘blob: 

If our focus zooms in ona blob, we see 

the characteristic behaviour of an isolated 
polymer chain. But if the perspective zooms 
out sufficiently, we find another limit, that 
of the entangled polymer chains, which are 
composed of strings of independent blobs. 
The concept of blobs allows both the statics 
(equilibrium behaviour) and dynamics of 
polymer solutions to be calculated. 

Another example is de Gennes’ description 
of polymers adsorbed onto liquid-air or 
liquid—solid interfaces: he drew a fractal grid 
that allowed the theoretical concentration 
profile to be solved ina single line. Finally, his 
‘reptation model describes how a polymer 
chain can snake through a tube formed by 
surrounding molecules. In this way, the 
viscoelastic properties of polymer melts can 
be described by a few simple equations. 

In 1980, de Gennes turned his attention 
to the science of colloids and wetting, 
collaborating closely with industry. Intrigued 
by the process of assisted oil recovery — in 
which polymers or surfactants are injected 
into oilfields to aid the flow of oil — he 
plunged into the physics of wetting. By 
devising numerous “easy experiments” 
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(as he put it), de Gennes elucidated the 
spreading dynamics of drops on surfaces; the 
wetting behaviour of films; and the laws that 
govern aquaplaning by cars. 

The final phase of de Gennes’ career 
began in 2002, when he joined the Curie 
Institute in Paris. Here he studied two topics 
at the forefront of biology: cellular adhesion 
and memory formation. He took the same 
approach to biology as he had to industry 
— faced with problems of apparently 
insurmountable complexity, he isolated the 
few essential parameters to derive minimalist 
theories that could be used and tested. 

De Gennes pursued his research with 
extraordinary imagination, insatiable curiosity 
and an ability to grasp facts rapidly. But he 
also gave his time to others and helped them 
develop their ideas. A keen ambassador of 
science to the public, he generated passionate 
debates on subjects as diverse as “Physics and 
Medicine’, “Inventors” and “Primo Levi’. He 
inspired generations of students to pursue 
careers in physics and played an active role in 
establishing the LOréal- UNESCO Awards for 
Women in Science. 

Pierre-Gilles de Gennes leaves seven 
children, three born to Anne-Marie de 
Gennes and four born to me. His scientific 
legacy is the enduring stamp he has left on 
intellectual life in France and internationally 
on the study of the physics of so many diverse 
phenomena. Thanks, Pierre-Gilles, for 
sharing with us your insatiable love 
for science. 

Francoise Brochard-Wyart 

Francoise Brochard-Wyart is at the Institut Curie, 
26 rue d'Ulm, 75248 Paris, cedex 05, France, 

and at the University of Paris 6. She was a 
scientific collaborator of Pierre-Gilles de Gennes 
for 35 years. 

e-mail: brochard@curie.fr 
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A genome-wide transgenic RNAi library for 
conditional gene inactivation in Drosophila 


Georg Dietzl'* 


, Doris Chen’, Frank Schnorrer”, Kuan-Chung Su’, Yulia Barinova', Michaela Fellner’”, Beate Gasser’, 


Kaolin Kinsey'”, Silvia Oppel’, Susanne Scheiblauer’, Africa Couto’, Vincent Marra’, Krystyna Keleman’” 


& Barry J. Dickson’? 


Forward genetic screens in model organisms have provided important insights into numerous aspects of development, 
physiology and pathology. With the availability of complete genome sequences and the introduction of RNA-mediated gene 
interference (RNAi), systematic reverse genetic screens are now also possible. Until now, such genome-wide RNAi screens 
have mostly been restricted to cultured cells and ubiquitous gene inactivation in Caenorhabditis elegans. This powerful 
approach has not yet been applied in a tissue-specific manner. Here we report the generation and validation of a 
genome-wide library of Drosophila melanogaster RNAi transgenes, enabling the conditional inactivation of gene function in 
specific tissues of the intact organism. Our RNAi transgenes consist of short gene fragments cloned as inverted repeats and 
expressed using the binary GAL4/UAS system. We generated 22,270 transgenic lines, covering 88% of the predicted 
protein-coding genes in the Drosophila genome. Molecular and phenotypic assays indicate that the majority of these 
transgenes are functional. Our transgenic RNAi library thus opens up the prospect of systematically analysing gene functions 


in any tissue and at any stage of the Drosophila lifespan. 


Geneticists have traditionally sought to gain insight into complex 
biological processes through forward genetic screens. Mutations 
are generated at random, phenotypes of interest are scored, and the 
mutated gene is subsequently identified. This approach has been 
remarkably successful, but is limited by inherent biases in mutagen- 
esis techniques, the large numbers of mutants that must be analysed, 
and the considerable effort that is still required to identify the rele- 
vant genetic lesions. Moreover, most genes have multiple functions, 
and a gene’s function in one tissue can preclude its recovery in screens 
focused on functions in other tissues. This is particularly true for 
genes that are essential in the early development of the organism. 

The inhibition of gene function by RNAi’, coupled with the avail- 
ability of annotated genome sequences, now enables systematic 
surveys of gene function by reverse genetics. One by one, the function 
of almost every predicted gene can be disrupted and the phenotypic 
consequences observed. Any phenotype is immediately linked to a 
specific DNA sequence. This method has been successfully used in 
genome-wide screens by applying double-stranded RNAs to 
Drosophila melanogaster’ or mammalian** cells in culture. These 
cell-based assay systems enable detailed studies of many basic cellular 
processes, but not the complex biology of whole organisms. Large- 
scale RNAi-based surveys of gene function in vivo have thus far been 
limited to the nematode Caenorhabditis elegans~* and the planarian 
Schmidtea mediterranea’. However, in these organisms, RNAi is 
systemic’, and so gene interference cannot easily be restricted to 
a specific cell type. 

In Drosophila, RNAi is cell autonomous'””’ and can be triggered 
by the expression of a long double-stranded ‘hairpin’ RNA from 
a transgene containing a gene fragment cloned as an inverted 
repeat'*'®. Using the binary GAL4/UAS expression system’”, such 
RNAi transgenes can be used flexibly to target gene inactivation to 
potentially any desired cell type at any stage of the animal’s lifespan. If 
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a genome-wide library of transgenic RNAi strains were available, it 
would thus be possible to conduct systematic RNAi screens targeted 
to specific cell types in the intact animal. Here we report the genera- 
tion and validation of such a library. 


A genome-wide transgenic RNAi library 

We first constructed a library of UAS-driven inverted repeat (UAS- 
IR) transgenes by cloning short gene fragments as inverted repeats 
into a modified pUAST vector’, pMF3 (Fig. la). PCR primers were 
designed to amplify fragments from every predicted protein-coding 
gene in Release 4.3 of the Drosophila genome sequence. Where 
possible, we targeted a single coding exon common to all predicted 
transcripts ofa given gene, and used genomic DNA as a PCR template 
(77.8%). For some genes it was necessary to include multiple exons, 
or 5’ or 3’ UTRs, in which case mixed-stage complementary DNA 
was used as a template (22.2%). We successfully cloned 15,072 UAS- 
IR constructs, representing 13,327 different genes (97.0% of pre- 
dicted protein-coding genes; Supplementary Table 1). The size of 
the gene fragment in each inverted repeat varies from 109 to 415 base 
pairs (bp), with a mean of 323 bp (Fig. 1b). 

The inverted repeat sequence for each construct was predicted 
using e-PCR'® with low stringency criteria. In most cases (98.4%), 
a single product was predicted; only 380 primers pairs were predicted 
to amplify multiple products. We directly sequenced both halves of 
the inverted repeat for all 380 ambiguous primer pairs, as well as 192 
of the unambiguous pairs. This confirmed that the intended product 
had been cloned for all of the unambiguous pairs, and all but 20 of the 
ambiguous pairs. These 20 anomalous clones consisted of different 
PCR products cloned head-to-head, and were discarded. Amongst 
the remaining 552 sequence-verified RNAi constructs, 8 had a dele- 
tion in one or both halves of the inverted repeat (ranging in size 
from 18 to 100 bp); the remaining 544 corresponded exactly to the 
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predicted sequence. We thus estimate that ~98.5% of the RNAi 
constructs contain the complete intended inverted repeat, whereas 
~1.5% contain inverted repeats that are slightly smaller than inten- 
ded but still likely to trigger RNAi. 

The validated UAS-IR constructs were then used to generate a 
library of transgenic RNAi strains by germline transformation” of 
an isogenic w'!'* host”®. Each insertion was verified by amplification 
of the appropriate-sized product from genomic DNA by PCR with a 
vector- and gene-specific primer pair (Fig. la). We mapped each 
verified insertion to a specific chromosome and established homo- 
zygous or balanced stocks, retaining the isogenic w'''® background 
throughout. In all, we obtained 22,270 transgenic RNAi lines, repre- 
senting 13,251 RNAi constructs and 12,088 genes (88.0% of 
predicted protein-coding genes; Supplementary Table 2). 


Target predictions 


To assess the targeting potential of each RNAi construct, we concep- 
tually ‘diced’ the predicted hairpin RNA into all possible 19-mers 
because RNAi-mediated degradation of a target messenger RNA 
generally requires a perfect match of at least 19 nucleotides*'. We 
then interrogated the predicted Drosophila transcriptome for all 
perfect matches to these 19-mers, in both the sense and antisense 
orientations. By design, all 19-mers from a UAS-IR construct match 
its primary target gene. In general, it will also be both desirable and 
unavoidable to additionally target any other gene with very high 
sequence similarity. Accordingly, we defined an on-target gene as 
any gene hit by at least 80% of a construct’s 19-mers. Any gene hit 
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Figure 1| A genome-wide transgenic RNAi library. a, Strategy used to 
generate UAS-IR constructs. Restriction sites in the original PCR primers 
were used to digest and ligate PCR products, followed by ligation of the 
inverted repeat into the pMF3 vector. pMF3 contains 10 GAL4-responsive 
UAS elements, the basal hsp70 promoter, the 150 bp second intron of ftz and 
the SV40 polyadenylation signal. Most, but not all, inverted repeats were 
cloned in the antisense-sense orientation using EcoRI and Xbal as indicated. 
IR-L and IR-R indicate the primer pairs used to amplify the left or right 
halves, respectively, of the inverted repeat. P3 and P5 indicate P-element 
ends. b, Inverted repeat size distribution in 10 bp bins. ¢, Distribution of 
second-ranked targets, binned according to number of 19-mer matches 
(primary target = 100%). Any gene hit by less than 80% of 19-mers was 
considered an off-target hit. For 9,134 constructs (60.6%), the only hit was 
the primary target. d, s,9 specificity scores for all 15,072 constructs, ranked 
by specificity. 
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by fewer 19-mers, but at least one, is considered a potential off-target 
gene. By these criteria, 14,612 constructs (96.9%) have a single 
on-target gene. Less than half of the UAS-IR constructs have 
off-target genes (5,889; 39.1%), and most of these are hit by <1% 
of the construct’s 19-mers (Fig. Ic). 

As a further measure of targeting specificity, we defined a specifi- 
city score, $19, as the number of all on-target 19-mer matches divided 
by the total number of matches (that is s;, = X on-target matches / 
(X on-target matches + & off-target matches)). Thus, 15 = 1 fora UAS- 
IR construct with no off-target hits, and s;9 = 0 for a (hypothetical) 
construct with only off-target hits. In our UAS-IR collection, s}9 =0.80 
for 14,365 constructs (95.3%) (Fig. 1d). Our experience until now 
suggests that this is likely to be a fairly conservative threshold, as we 
have observed specific effects even with constructs having a much lower 
Sj9 score. Another potential source of off-target effects are CAN repeats, 
with double stranded RNAs containing more than 13 consecutive CANs 
prone to cause non-specific effects’. Only 119 (0.8%) of our RNAi 
constructs include more than 10 consecutive CANs (Supplementary 
Table 1). 


Targeting in vivo 

To test the efficiency of RNA knock-down, we selected a set of 64 
UAS-IR lines (see Methods) and prepared total RNA from Act5C- 
GAL4/UAS-IR animals and Act5C-GAL4/+ controls. RNA levels for 
the target gene in the knock-down and control adults were measured 
using quantitative PCR with reverse transcription (RT-PCR). RNA 
levels were reduced to less than 25% of the corresponding controls in 
25 of the 64 lines (Fig. 2a and Supplementary Table 3). This is likely to 
underestimate the typical RNA knock-down effect, because we were 
restricted for this test set to lines that are viable in combination with 
Act5C-GAL4. We presume that RNA levels are generally even more 
strongly reduced in those lines that are lethal with Act5C-GAL4 
(~32%, see below). It is also unlikely that Act5C-GAL4 is highly 
expressed in all cells at all times, and so the efficiency of knock-down 
in individual cells may well exceed this whole-animal estimate. 

As a functional test of RNA knock-down, we selected a positive 
control set of 432 genes for which classical genetic methods have 
documented a lethal or visible mutant phenotype. For these genes, 
we had 658 transgenic RNAi lines in our collection (selecting only 
those with =5 CAN repeats and s;),= 0.80). We also selected 499 
genes at random, for which we had 723 RNAi lines. Each of these 
lines was crossed in duplicate to Act5C-GAL4 and the progeny 
screened for lethality or any of 159 distinct defects in adult morpho- 
logy (Supplementary Table 4). For the positive control set, we 
observed a phenotype with at least one line for 282 genes (65.3%), 
and in total for 372 lines (60.1%) (Fig. 2b). Examples of morpho- 
logical phenotypes are shown in Fig. 2c, along with the corresponding 
loss-of-function mutants as controls. For the random set, 186 genes 
(37.3%) covered by 225 lines (31.9%) produced a phenotypic defect 
(Fig. 2b). 

From the positive control set, we estimate the overall false-negative 
rate for our library at 39.9% of lines and 34.7% of genes. These false- 
negative rates can almost certainly be reduced by more detailed 
phenotypic analyses, the use of different GAL4 driver lines, and meth- 
ods to enhance RNAi potency, as shown below. Assessing false- 
positive rates is much more problematic because it is difficult to reliably 
identify negative control genes. We could however define a negative 
control set of 48 genes for which classical genetics has provided 
strong evidence that null mutations result in either no phenotype 
or a specific visible phenotype. We tested the 63 lines we had for these 
genes with Act5C-GAL4, scoring them for lethality and the same set of 
159 morphological defects as the positive controls and randomly 
selected lines. An unexpected phenotype was observed for only one 
line (Fig. 2b). We thus estimate that the false-positive rate is likely to 
be below 2% of lines. It should, however, be noted that we selected 
lines with =5 CAN repeats and s;9 = 0.80 for all of these analyses. We 
have not systematically tested the small fraction of UAS-IR constructs 
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predicted to have a high risk of off-targeting, but anticipate that false- 
positive rates will be significantly higher for these constructs”). 


Tissue-specific RNAi 

The availability of a diverse set of GAL4 drivers” allows the trans- 
genic RNAi library to be used to target gene inactivation to almost 
any desired cell type. Unlike conventional mosaic strategies using 
classical mutations, transgenic RNAi is not restricted to cells that 
are clonally related. To test the feasibility of using our library in such 
experiments, we selected 50 lines that were lethal in combination with 
the Act5C-GAL4 driver and crossed each of them separately to GAL4 
drivers that target gene interference to the wing (MS1096-GAL4; an 
enhancer trap in the Bx gene), eye (ey-GAL4, GMR-GAL4), or notum 
(pnr-GAL4). Approximately 30% of the lines were also lethal with 
each of these drivers, most probably owing to a vital gene function in 
the target tissue or in other cells in which the driver is additionally 
expressed. However, the majority of lines were viable with the tissue- 
specific drivers, and 25-35% resulted in specific morphological 
defects (Fig. 3a, b). Different sets of lines produced phenotypes with 
different GAL4 drivers, such that 80% of the lines produced a lethal or 
visible phenotype with at least one driver. These data illustrate the 
power of transgenic RNAi to uncover tissue-specific functions of 
essential genes. 
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Figure 2 | Efficient and specific gene interference with ubiquitous RNAi. 
a, Efficiency of RNAi-mediated knock-down, as assessed using quantitative 
RT-PCR on RNA prepared from viable Act5C-GAL4/UAS-IR adults and 
controls. Sixty-four test genes are ranked according to degree of knock down. 
Data are mean = s.e.m. (1 = 2). b, Percentages of positive-control, random 
and negative-control lines producing lethality or an adult morphology 
phenotype in combination with Act5C-GAL4. The only unexpected 
phenotype in the negative-control set was the lethality of RNAi against 
Dredd. c, Examples of morphological phenotypes resulting from ubiquitous 
RNAi (middle) compared to a classical loss-of-function mutation (right) and 
wild type (left). Transformer 2 (tra2) RNAi and mutant females 
anatomically resemble males, including male genitalia and abdominal 
pigmentation (arrowheads). The eyes are greatly reduced or absent in eyes 
absent (eya) RNAi and mutant males, and Stubble (Sb) males have short, 
stubby bristles on the notum (asterisks indicate the shortened scutellar 
bristles). 
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Dicer-2 enhances RNAi potency 


For our positive-control set, the RNAi phenotypes sometimes corre- 
sponded to the null phenotypes reported for classical mutations, but 
more often resembled a hypomorphic phenotype. This is consistent 
with the partial reduction in target mRNA levels generally observed 
for these lines (Fig. 2a). We wondered whether overexpression of 
components of the RNAi machinery might enhance such pheno- 
types. In preliminary experiments in which we overexpressed several 
different factors involved in RNAi (dicer-1, ref. 24; dicer-2, ref. 25; 
argonaute-l, ref. 26; argonaute-2, ref. 27; R2D2, ref. 28; and tudor-SN, 
ref. 29), we found that only dicer-2 (Dcr-2) consistently enhanced the 
transgenic RNAi effect. 

When we retested the same set of 50 lines with both the eye and 
notum drivers, this time co-expressing UAS-Dcr-2, we observed an 
enhanced RNAi effect with 54% and 43% of the lines, respectively 
(Fig. 3a, b). We suspected that UAS-Dcr-2 might also increase off- 
targeting effects, and so also tested 53 lines (41 genes) from the 
negative control set (Fig. 2b). In both the eye and notum, the false- 
positive rate increased by 6% in the presence of UAS-Dcr-2. We 
conclude that co-expression of UAS-Dcr-2 is likely to be a useful 
approach to enhance transgenic RNAi effects, but caution that it 
may also enhance off-targeting effects. We recommend that reliabil- 
ity of Dcr-2 overexpression be tested carefully for each driver and 
assay. 


Targeting neurons and muscles with RNAi 
Conditional RNAi transgenes also allow genes to be inactivated spe- 
cifically in internal tissues that are difficult or impossible to target by 
classical genetics. Entire neuronal or muscle networks are prime 
examples. The complexity of these tissues, and in the case of muscles 
also their multinuclear structure, renders them essentially inaccess- 
ible to conventional mosaic strategies involving mitotic recombina- 
tion. To test the feasibility of RNAi screens targeted to neurons or 
muscles, we compiled two complementary sets of positive-control 
genes: 32 genes known or predicted to act in neurons and 27 genes 
required in muscles (but neither set exclusive to the respective tissue). 
Our library contains 49 and 42 transgenic RNAi lines, respectively, 
for these two gene sets. We also selected an additional 129 lines at 
random, each representing a different gene (Fig. 4a). The RNAi lines 
in each of these three sets were crossed in duplicate to either the pan- 
neuronal driver elav-GAL4 (ref. 30) or the pan-muscle driver mef2- 
GAL4 (ref. 31). On the basis of preliminary experiments, we used 
UAS-Der-2 with elav-GAL4 but not with mef2-GAL4. Progeny were 
scored for viability and eight simple behavioural defects (Fig. 4b, c). 
A lethal or behavioural phenotype was observed in 82% of the 
neuronal positive-control set tested with elav-GAL4 (Fig. 4a, b), 
and 93% of the muscle positive-control set tested with mef2-GAL4 
(Fig. 4a, c). These results demonstrate that transgenic RNAi is potent 
in both neurons and muscles, and further indicate that, with the 
appropriate drivers and assay conditions, false-negative rates can 
indeed be significantly lower than we estimated from the Act5C- 
GAL4 data (Fig. 2b). Hit rates amongst the randomly selected lines 
were 7% with elav-GAL4 and 14% with mef2-GAL4, with 5% positive 
with both drivers (Fig. 4a). 


Conclusions 

Our work provides the resources and proof-of-principle for gnome- 
wide tissue-specific RNAi screens in Drosophila. All of these RNAi 
lines are publicly available (http://www.vdrc.at). We estimate that 
over 60% of these lines trigger potent and specific gene interference, 
and as many as 90% may be functional in combination with the 
appropriate drivers, assays, and RNAi-enhancing tools such as 
UAS-Der-2. As for RNAi in general, our library is subject to the 
variable efficiency of gene knock-down and the inherent risk of off- 
targeting effects. Additionally, because our transgenes are inserted at 
random sites, some false negatives may be caused by poor transgene 
expression and some false positives by the misregulation of flanking 
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endogenous genes. Ultimately, these minor limitations might be 
overcome by the generation of a second independent library of 
RNAi transgenes (http://www.shigen.nig.ac.jp/fly/nigfly). 

Our transgenic RNAi library offers a powerful alternative to clas- 
sical forward genetic screens. Although mutagenesis screens will con- 
tinue to be useful, particularly for early embryonic development, 
transgenic RNAi screens should be especially suitable for later stages 
and whenever tissue-specific gene disruption is required. Indeed, 
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transgenic RNAi offers the only practical way to genetically screen 
certain cell types, such as neurons or muscle. Vast collections of 
GAL4 driver lines are already available to target RNAi to specific 
cells”, and inducible GAL4 systems can be used to further restrict 
RNAi to a selected stage of the fly’s lifespan****. Combined with these 
versatile GAL4 expression systems, our transgenic RNAi library 
opens up almost limitless possibilities for exploring the genetics of 
Drosophila development, physiology and pathology. 


Notum 


— Dicer-2 


+ Dicer-2 | 


Figure 3 | Tissue-specific RNAi and the enhancing effect of Dicer-2. 

a, Phenotypic data for 50 RNAi lines, representing 46 genes (left), in 
combination with either MS1096-GAL4 (wing), ey-GAL4 and GMR-GAL4 
(eye), or pnr-GAL4 (notum). For the eye and notum, assays were performed 
with (+) or without (—) an additional UAS-Dcr-2 transgene. All phenotypes 
were scored on a subjective 0-10 scale, with 0 representing no observable 
defect and 10 the most severe. Phenotypic scores are colour-coded, with grey 
indicating no data due to lethality. All scores are the average of two 
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independent replicates. b, Examples of RNAi phenotypes in the eye and 
notum. Wild-type controls are shown in Fig. 2c. RNAi against argos results in 
eye roughening, and RNAi against tkv leads to eyes that are both rough and 
reduced in size. RNAi against flamingo (stan) leads to a defect in planar cell 
polarity, evident in the misorientation of microchaetae (arrowheads), 
whereas RNAi against ed results in the formation of ectopic macrochaetae 
(asterisks). All of the defects shown here are enhanced by co-expression of 
UAS-Dcr-2 (bottom row). 
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Figure 4 | RNAi in neurons and muscles. a, Percentages of neuronal and 
muscle positive-control lines, and randomly selected lines, that produce 
either a lethal, postural or behavioural phenotype when expressed with elav- 
GAL4 (neurons) or mef2-GAL4 (muscle). Note that, as anticipated, many of 
the neuronal positives also produced a phenotype with mef2-GAL4 (33%), as 
did the muscle positives with elav-GAL4 (26%); both sets are enriched but 
not exclusive for genes required in the respective tissue. b, c, Phenotypic data 


METHODS SUMMARY 

UAS-IR constructs. The pMF3 vector is derived from pUAST, but contains 10 
rather than 5 tandem copies of the UAS element to enhance expression levels. On 
the basis of reports that introns enhance nuclear export”, we included a short 
intron immediately 3’ to the inverted repeat. We did not include an intron 
within the inverted repeat itself, as is often done to improve its stability during 
cloning****, because we did not have any difficulty cloning inverted repeats of 
less than 500bp and did not observe any enhancement of RNAi efficiency 
with longer inverted repeats. PCR primers were designed using the Primer3 
software”. 

Transgenic RNAi lines. Germline transformation was performed using a hyper- 
active P-element transposase”’. For verification we extracted genomic DNA from 
single flies in 96-well plates and performed PCR with one gene-specific primer 
and a common primer in either the hsp70 promoter region or the SV40 polyA 
region (Fig. 1a). Approximately 20% of lines failed the initial verification step; 
these lines were discarded and the construct re-injected. We believe these are 
mostly due to the loss of the inverted repeat during propagation in bacteria. To 
test whether the inverted repeat is stable in Drosophila, we verified a set of 192 
lines that had been maintained for more than 2 yr (~35 generations) by amp- 
lifying both halves of the inverted repeat. In all of these lines, both halves of the 
inverted repeat were still present, and so we routinely verified transformants by 
amplifying only one half of the inverted repeat. 

Test gene sets. Test genes for quantitative RT-PCR were chosen on the basis of 
available expression data‘!’. We selected genes that were relatively highly 
expressed, reasoning that they should provide a robust measure of knock-down 
efficiency, which would, if anything, underestimate the average efficiency. Test 
sets for functional assays were chosen by manual curation from FlyBase and the 
literature. For all assays, transgenic RNAi males were crossed in duplicate to 
virgins carrying the relevant GAL4 driver and, where appropriate, UAS-Dcr-2. 
Progeny were raised at 25°C and scored blind to their genotype. Phenotypic 
categories in Figs 3 and 4 were partly derived by collapsing several distinct defects 
scored in the initial analysis. In all cases, there was very little phenotypic variation 
within the progeny of a single cross, with the exception of lethality (for which 
intermediate values indicate the fraction of animals surviving to the adult stage). 
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for 49 lines from the neuronal positive-control set (b) and 42 lines from the 
muscle positive-control set (c). Adult lethal indicates lethality by 7 days after 
eclosion. Data for posture and locomotion are collapsed from 2 and 5 
different classes of defect, respectively, scored in the initial analysis. Flight 
scores indicate the fraction of flies falling immediately to the bottom when 
tapped into the top ofa 1 m X 8 cm cylinder. All values are the average of two 
independent experiments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Primer design. Primers were designed using the Primer3 software”, generally 
selecting primers of 20-36 nucleotides, a melting temperature (Ti) of 66-70 °C, 
and a product size of 300-400 bp. These parameters were relaxed if no suitable 
primers were found. Usually, an EcoRI site was added to the left primer and an 
Xbal site to the right primer; ifan endogenous recognition site for either enzyme 
occurred in the predicted product, BamHI, BglII or Munl was used as an alterna- 
tive. e- PCR” was performed usinga local version of Reverse e-PCR (version 2.3.0 
for Windows). The template for e-PCR was either the Release 4.3 genome or 
transcriptome sequence, according to the template used for the actual PCR. For 
the transcriptome sequence, if the untranslated regions were unannotated, the 
protein coding sequence was used and extended by 50 bp of 5’ and 150 bp of 3’ 
genomic sequence. We allowed up to 2 mismatches and 2 gaps per primer, but 
not within the twelve 3’ nucleotides, and +25 bp size variability compared to the 
expected product length. 

Target predictions. Custom-designed Perl scripts were used to extract all pos- 
sible 19-mers from all inverted repeat sequences and the Release 4.3 transcrip- 
tome, and to search for all perfect matches in either orientation. Target genes for 
each construct were ranked according to the total number of matches. The 
primary gene was defined as the top-ranked target (usually hit by 100% of 19- 
mers, but sometimes fewer owing to changes in the genome annotation). The 
number of hits on the second-ranked gene (if any) was used for the analysis in 
Fig. 1c. For calculation of s;9 scores, on- and off-targets were defined using a cut- 
off of 80% of the number of matches on the primary target. A custom-designed 
Java script was used to determine the maximum number of contiguous CAN 
triplets. 

Preparation of UAS-IR constructs. Target sequences were amplified by PCR 
from w'!'® genomic DNA or mixed stage CDNA in 100 ull reactions. Fifty micro- 
litres of the reaction was purified by gel filtration (SigmaSpin), digested with 
EcoRI, re-purified by gel filtration, ligated and digested with Xbal. The inverted 
repeats were then separated by gel electrophoresis, purified using NucleoSpin 
Multi-96 Extract kits (Macherey-Nagel), and ligated into pMF3. All cloning steps 
were performed manually in 96-well plates. Enzymes other than EcoRI and Xbal 
were used in some cases (see above). Escherichia coli SURE bacteria were trans- 
formed and plated in custom 48-well plates. Two colonies were grown from each 
transformation, and plasmid DNA extracted using QIAprep 96 Turbo Miniprep 
kits (Qiagen). The yield was typically 50 pl eluate with 150-200 ng ul” ' DNA per 
construct. Four microlitres of the extracted DNA was digested with Xbal and 
separated by gel electrophoresis to confirm the presence of the inverted repeat. 
For the positive clones with inserts of the predicted size, 10 l of plasmid DNA 
was prepared for embryo injections by mixing with 3 1g of A2-3 transposase in a 
total volume of 12 ul. 

Germline transformation. For each UAS-IR construct, ~40 dechorionated 
w'!!8 embryos were aligned on a 24 X 24mm glass coverslip, dried for 20 min, 
covered with 10S Voltalef oil and microinjected using an Eppendorf FemtoJet 
with a micromanipulator mounted on a Zeiss Axiovert 200 inverted microscope. 
Borosilicate glass capillaries GC120TF-10 from Harvard Apparatus were pulled 
ona Suttner P-97 micropipette puller and opened on a Narishige EG-400 micro- 
pipette grinder. Injected embryos were placed in a moist chamber at 18 °C for 
2 days, and then transferred to fly food vials supplemented with yeast paste and 
raised at 25°C. Surviving adults were crossed out to w'!!8 flies, and transfor- 
mants selected in the progeny using the w’ marker. We typically obtained at 
least one transformant in 50-60% of each injection series. Initially, up to 4 lines 
were established per construct, but typically only up to 2 were retained after 
verification. 

Verification and mapping. We extracted genomic DNA from single flies in 96- 
well plates. PCR reactions were set up with one specific primer (the right primer 
used to amplify the inverted repeat fragment) and one common primer 
(5-GAGGCGCTTCGTCTACGGAGCGAG, located in the hsp70 promoter region, 
or in some cases 5’-GCGCTCTAGACGTGTAGTAGACACTTTCGCTACGCAG, 
located in the SV40 polyA region; see Fig. 1a). Verified lines were then mapped 
to a specific chromosome by first crossing single transgenic males to virgins 
obtained from w''!8/Y, hs-hid; Spi/CyO and w'''8/Y, hs-hid; MKRS/TM2, y* 
stocks, and then crossing transgenic male CyO or MKRS progeny to w''"*; Sp, 
hs-hid/CyO and w'''*; Ly, hs-hid/TM3 Sb virgins, respectively. For the latter 
stocks, the original w* marker on each of the hs-hid transgenes had previously 
been removed by imprecise excision mediated by P-element transposase, so as 
to avoid any possible confusion between this w* marker and the w* marker on 
the UAS-IR transgene. Once the progeny of these crosses reached the 3rd instar 
stage, the parents were discarded and the vial heat shocked at 37 °C in a water 
bath for 1h to kill progeny carrying the hs-hid chromosome. The surviving 
adults were then scored to determine which chromosome carried the UAS-IR 
transgene, and allowed to mate inter se to establish a balanced stock. Homozygous 
virgins and males were selected in subsequent generations to eliminate balancer 
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chromosomes, where possible. For insertions on the X chromosome, UAS-IR 
males were crossed to y w f= virgins obtained from a winscy, hs-hid/y w f'=/Y 
stock. 

Quantitative RT-PCR. We designed PCR primers (19-23 nucleotides, T,,, 60— 
63 °C) to amplify 150-350 bp fragments from the target transcripts that do not 
overlap with the original target regions of the UAS-IR constructs. Total RNA was 
extracted from twenty-five 2—4-day-old adult males using Trizol, yielding RNA 
at ~1.5gul_'. RNA (5 ug) was reverse transcribed using dN, random oligos 
and the SuperScript II Reverse Transcriptase kit (Invitrogen), yielding cDNA 
at ~1 gpl |. Quantitative PCR reactions were then performed in 20 ul reac- 
tions using the SYBR Green JumpStart Taq ReadyMix kit (Sigma) and the 
Mastercycler realplex epgradientS system (Eppendorf) in 96-well optical plates 
(Eppendorf). For calibration experiments, PCRs for the test gene and o-tubulin 
(used as an internal standard) were run on a dilution series of 500, 50, 5 and 0 ng 
of wild-type cDNA template. After 40 cycles, dissociation analysis was performed 
to exclude from further experiments those primer pairs that produced primer 
dimers or amplified non-specific products. Standard curves were calculated for 
the test genes and «-tubulin“, and experiments with correlation coefficients 
below 0.990 were excluded from further analysis. RNAi flies and controls were 
then assayed in duplicate by Real-Time PCR for the respective target gene and 
a-tubulin. The threshold cycle (C,) values of the target gene were plotted on the 
wild-type standard curve to calculate target gene levels relative to wild type, and 
normalized for total cDNA input using o-tubulin levels. Relative knock-down 
levels of the two samples were averaged. 

RNAi machinery transgenes. UAS-Dcr-1, UAS-Dcer-2, UVAS-AGO1, UAS-AGO2, 
UAS-tudor-SN, and UAS-R2D2 were prepared by amplifying the corresponding 
coding regions from genomic DNA and cloning them into the pUAST vector”, 
verified by DNA sequencing, and injected into w'''® embryos for germline 
transformation’’. We tested several insertions of each transgene in combination 
with RNAi transgenes against white (w) and sevenless (sev). For the experiments 
reported here, a UAS-Der-2 transgene on the first chromosome was used. Similar 
enhancement effects were also observed with each of the three other UAS-Dcr-2 
transgene insertions tested. 

Test sets. For the Act5C-GAL4 assays, positive controls were selected by system- 
atically extracting from FlyBase all loss-of-function mutant alleles reported to be 
associated with a lethal or visible phenotype. The final set of 473 genes was 
selected at random from an initial list of ~1,400 genes. The negative set was 
similarly selected from FlyBase, searching for genes with viable amorphic alleles 
with no reported phenotype, or in some cases a specific visible phenotype such as 
eye colour or body pigmentation. Positive controls for the elav-GAL4 and mef2- 
GAL4 assays were manually chosen by browsing FlyBase and the literature, 
selecting genes reported to function in neurons or muscles, though not neces- 
sarily exclusively in either. The random set used in these assays was an arbitrary 
subset of the random set used for the Act5C-GAL4 assays. 

Phenotypic analyses. For the ubiquitous, wing, eye and notum assays, lethal and 
morphological phenotypes were scored 3—4 d after eclosure. For the elav-GAL4 
and mef2-GAL4 assays, viability was scored at eclosion and again at 5-7 d. Flies 
were aged in groups for 5-7 d before being scored for posture, locomotion, and 
flight. Males were used for autosomal UAS-IR insertions; females for insertions 
on the X chromosome. Flight assays were performed by dumping 20-30 males 
into a 1m X 8cm diameter plexiglass tube. Locomotion was assayed by tapping 
the flies to the bottom of the vial immediately before flight test, and estimating 
the fraction of flies that were slow or uncoordinated when climbing back up the 
wall of the vial. Wing posture was scored from the fraction of flies displaying an 
obvious held-out or erected wing phenotype. For all lethal, morphological and 
behavioural assays, crosses were scored blind to the genotype and duplicates were 
always run and scored in different batches on different days. Data presented in 
heat maps are the average of the two assays. For binary classifications, suitable 
threshold values were selected for each phenotypic parameter and a line was 
considered positive only if both assays exceeded the threshold. 
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Structural basis for transcription 
elongation by bacterial RNA polymerase 


Dmitry G. Vassylyev', Marina N. Vassylyeva', Anna Perederina’, Tahir H. Tahirov’ & Irina Artsimovitch® 


The RNA polymerase elongation complex (EC) is both highly stable and processive, rapidly extending RNA chains for 
thousands of nucleotides. Understanding the mechanisms of elongation and its regulation requires detailed information 
about the structural organization of the EC. Here we report the 2.5-A resolution structure of the Thermus thermophilus EC; the 
structure reveals the post-translocated intermediate with the DNA template in the active site available for pairing with the 
substrate. DNA strand separation occurs one position downstream of the active site, implying that only one substrate at a 
time can specifically bind to the EC. The upstream edge of the RNA/DNA hybrid stacks on the f’-subunit ‘lid’ loop, whereas 
the first displaced RNA base is trapped within a protein pocket, suggesting a mechanism for RNA displacement. The RNA is 
threaded through the RNA exit channel, where it adopts a conformation mimicking that of a single strand within a double 


helix, providing insight into a mechanism for hairpin-dependent pausing and termination. 


In all organisms, transcription performed by DNA-dependent RNA 
polymerases (RNAPs) can be divided into three mechanistically and 
structurally distinct stages: initiation, elongation and termination. 
During initiation, RNAP recognizes a promoter, unwinds DNA near 
the start site (register 7+ 1) and begins RNA synthesis, using NTPs as 
both a primer and the substrates. Initiation is characterized by mul- 
tiple rounds of abortive synthesis during which RNAP synthesizes 
and releases short RNA products. Once RNAP has made an RNA 
molecule 13-15 nucleotide long, in which 7—9 nucleotides pair with 
the DNA template strand in an RNA/DNA hybrid, the transcription 
complex undergoes promoter clearance and makes a transition to the 
elongation phase. 

Elongation is highly processive: the EC is capable of the uninter- 
rupted synthesis of RNA chains thousands of nucleotides long, yet 
becomes abruptly destabilized at terminators that demarcate the 
RNA end, in many cases with single-nucleotide precision. The inter- 
play between processive synthesis, transient halting at numerous 
‘roadblocks’ and RNA release depends on the intricate network of 
interactions between RNAP, the nucleic acid signals and/or auxiliary 
transcription factors within the EC. High-resolution structural stud- 
ies of the EC are therefore of central importance for understanding 
the general mechanisms and basic principles of transcription and the 
regulation of gene expression in the living cell. 

In contrast with initiation complexes, which are vastly different in 
protein content and complexity, the core enzymes that perform 
elongation are highly homologous (in both sequence! and structure’) 
in prokaryotic and eukaryotic multisubunit RNAPs. Thus, the struc- 
tural results and implications obtained on the ECs from either system 
would be of general interest. Until now there have been no structural 
data for the bacterial EC, whereas several medium-resolution struc- 
tures were determined for various configurations of the EC formed 
by yeast RNAPII*’. Although these studies yielded important 
insights into the overall arrangement of the nucleic acids within 
the EC, the available structures lack many details crucial for under- 
standing the mechanistic aspects of transcript elongation. Moreover, 
the results and their interpretation provided by different groups were 


generally consistent but left several important issues unresolved, 
including, for example, the point of downstream DNA (dwDNA) 
strand separation. This further underscores the necessity of obtaining 
more definitive and highly resolved structural data for the multi- 
subunit ECs. 

We have determined the structure of the T. thermophilus RNAP 
EC (ttEC) at 2.5A resolution in which the core enzyme (subunit 
composition %8B’@) was bound to a synthetic scaffold containing 
14 base pairs (bp) of the dwDNA, 9 bp of the RNA/DNA hybrid 
and seven single-stranded nucleotides of the displaced RNA tran- 
script (Fig. 1 and Supplementary Fig. 1; see also Methods). This 
structure—at the highest resolution so far for any multisubunit 
EC—unambiguously identifies the positions of all the nucleic acid 
chains at the atomic level and reveals the detailed network of their 
interactions with the protein side chains, thereby providing a frame- 
work for explaining the determinants of the high stability and pro- 
cessivity of the EC. Our data provide several testable implications on 
several crucial aspects that have remained obscure until now: first, the 
dwDNA configuration and the mechanism of the DNA strand sepa- 
ration; second, the optimal length of the RNA/DNA hybrid and 
the mechanism of RNA displacement from the template; third, the 
mechanism of DNA translocation; and last, the mechanism of the 
hairpin-dependent pausing and termination. 


The core enzyme structure in the EC 


Formation of the EC is not accompanied by large alterations of the 
core RNAP structure: indeed, in the holoenzyme? (which contains an 
additional protein subunit, o, that enables promoter-specific tran- 
scription initiation) all functionally significant structural elements— 
the RNA exit channel as well as the binding cavities for the dWDNA 
and the RNA/DNA hybrid—are already preformed. The last two are, 
however, partly occupied by the domains of o that hinder the growth 
of nascent RNA—thus, the release of most? of the o-factor contacts 
with the core is required for the formation of the stable processive EC. 
This is consistent with the recently reported ‘scrunching’ of nucleic 
acids'®"’ during the transition from initiation to elongation in the 
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bacterial multisubunit RNAP, and contrasts with the marked struc- 
tural refolding that accompanies this transition in the single-subunit 
T7 RNAP'*”’. In the bacterial system, the displacement and eventual 
release of the o-factor takes the place of the refolding that is required 
to expand the active-site cavity and to accommodate the 8—9-bp-long 
RNA/DNA hybrid in the T7 system. 

Nevertheless, the core enzyme conformations in the EC and the 
holoenzyme are not identical, demonstrating the most significant 
changes in those structural domains that switch their contacts from 
the o-subunit in the holoenzyme to the nucleic acids in the EC. These 
alterations demarcate the transition from the initiation to the elonga- 
tion phase and probably contribute to the high stability of the EC, a 
feature that distinguishes it markedly from the initiation complex. 
The most notable rearrangements involve the B and B’ domains 
forming the pincers of the crab-claw-like structure of the core 
enzyme™ to constitute the main channel accommodating the 
dwDNA and the RNA/DNA hybrid (Fig. 1 and Supplementary Fig. 
2). First, the B’-pincer (the major part of the ‘clamp’ in the eukaryotic 
system'>) domain consisting of the amino-terminal «-helical coiled 
coil (B’CC1; residues 540-581), the major binding site for the o- 
subunit, and two loops (‘rudder’, B'582-602, and ‘lid’, B’525-539) 


B’CC 


template 
Secondary 
channel 


RNA 


Active 


B’CC 
(540-581) 


Active 
site (Mgl) 


» Secondary 
channel 


Figure 1| Overall structure of the ttEC. In the two views shown (the lower 
panel shows the view through the RNAP main channel), the RNAP core 
enzyme structure in the ttEC is coloured from grey (less than 2 A) to green 
(more than 6 A) according to the deviation in the positions of the C,, atoms 
of the corresponding core and holoenzyme (PDB ID 2A6H) residues. Except 
for the variable colour palette used for RNAP in this figure, the same colour 
scheme (grey, RNAP; red, DNA template; blue, DNA non-template; yellow, 
RNA; magenta, the high-affinity Mg” ion, Mgl, in the active site) is used in 
all figures. 
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moves away from its position in the holoenzyme by ~5.5 A, bringing 
the lid into a stack with the upstream edge of the RNA/DNA hybrid 
and positioning the rudder right between the dwDNA and the hybrid 
(see below) (Supplementary Fig. 2a, b). Second, the movement of the 
coiled coil is accompanied by the corresponding shift of the adjacent 
6’ N-terminal domain ($'51-499), which places it near the down- 
stream edge of the dwDNA on one side (B’ 102-132; B’470-499) and 
contributes to the formation of the RNA exit channel on the other 
(B’51-87; Supplementary Fig. 2a, c, d). Third, in the B-pincer portion 
of the claws, the B-domain (61-130; 8335-396) that has lost its 
interactions with the o-regions 2.4-3.1 (ND2 domain)* moves 
by ~3.0A towards the RNA/DNA hybrid, whereas the adjacent 
B-domain (f140-332) approaches dwDNA after the ~4.0 A reori- 
entation, thereby closing the dwDNA-binding cleft in the EC 
(Supplementary Fig. 2a—c). The latter movement is probably attrib- 
utable to the presence of the dwDNA rather than to the absence of the 
o-subunit. Last, the entire B-flap (8703-830) domain that forms one 
wall of the RNA exit channel moves slightly (~2.2 A) towards the 
displaced transcript in the EC (Supplementary Fig. 2d). However, 
this rearrangement is compensated for by the corresponding reposi- 
tioning of the B’ N-terminal domain (see above) forming another 
wall of the channel; thus, the size and shape of the RNA exit channel 
remain nearly unchanged. Overall, in comparison with the holoen- 
zyme, the EC structure undergoes closure of the RNAP claws to 
reduce the size of the main channel substantially and probably to 
achieve surface complementarity between the protein and the nucleic 
acid chains, thereby favouring the high stability and processivity of 
the EC. 


Nucleic acid structure 


As observed previously in the structures of T7 RNAP’*'®”” and the 
yeast EC*”, the template strand in the ttEC forms a sharp kink (~90°) 
at the junction between the dwDNA and the RNA/DNA hybrid (Fig. 1 
and Supplementary Fig. 1). The orientation of the nucleic acid 
duplexes differs substantially from that in the T7 EC (which possesses 
a distinct architecture) yet closely resembles the eukaryotic com- 
plexes, underscoring the structural homology between multisubunit 
RNAPs (Fig. 2a). 

The nascent seven-nucleotide single-stranded RNA is threaded 
towards the surface through the previously proposed RNA exit chan- 
nel’®. In the channel, six out of seven RNA bases stack on each other, 
whereas the phosphate backbone conformation mimics that in the 
A-form nucleic acid duplex (Fig. 2b); only a few direct and several 
water-mediated hydrogen bonds are formed between the protein and 
the RNA nucleotides (Fig. 3), suggesting that the RNA conformation 
is maintained mostly through the self-stabilizing base-stacking con- 
tacts and/or solvent-mediated interactions. Several acidic side chains 
and carbonyl main-chain oxygens approach the RNA backbone, 
indicative of a possible involvement of the Mg”~ ions in mediating 
these interactions. 


RNA/DNA 
hybrid 
Yeast EC 


ttEC 


Figure 2 | Nucleic acid structure in the ttEC. a, Superposition of the nucleic 
acid phosphate backbones in the ttEC (red), yeast EC (cyan)* and T7 EC 
(green)’*. b, Conformation of the displaced RNA nucleotide in the ttEC. 
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Protein-nucleic-acid interactions 


The dwDNA adopts a B-form conformation that is substantially 
distorted only at registers +2 and +3, immediately downstream of 
the unpaired acceptor DNA template (register i+ 1) where the kink 
occurs. A similar distortion was also observed in the eukaryotic EC 
structure*, further underscoring the similarity between the two 
systems. Although all 13 bp of the dwDNA are buried within the 
closed channel formed by the B- and f’-pincers, there are very few 
direct polar interactions with the protein at the downstream dwDNA 
edge (Fig. 3), suggesting that the DNA conformation is maintained 
through self-stabilizing base pairing, whereas the protein stabilizes 
the duplex orientation through long-distance electrostatic and van 
der Waals interactions. The same pattern was observed in the T7 
EC’, implying that dwDNA mobility is a general feature that 
affords high processivity during elongation. The major contacts of 
RNAP to the dwDNA between registers +2 and +5 probably stabilize 
the kink in the nucleic acid and help to position the acceptor template 
base properly in the active site (Fig. 3). Particularly noteworthy is a 
B’-subunit three-helix bundle ($’101—131) that forms several polar 
and van der Waals interactions with the dwDNA phosphates (Fig. 4a 
and Supplementary Fig. 3a). Val B’108 located in the loop between 
the first and second helices inserts into the minor groove (Fig. 4a) and 
may prevent translational sliding of the nucleic acids while inducing 
the screw-like motion during DNA translocation. His 772 probably 
has a similar function in the T7 EC (Fig. 4b). In yeast RNAPII this 
region corresponds to the N terminus of the clamp head, which 
(according to the structural alignment) contains a uniform helix that 
superimposes well on the first and second helices of the bacterial 
bundle but lacks the Val B’108-loop insertion (Supplementary Fig. 
4a). Inspection of the yeast EC structure* revealed another structural 
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Figure 3 | Schematic drawing of the protein/nucleic acid contacts. Polar 
and stacking interactions are shown as black and green arrows, respectively. 
The (i + 1) non-template nucleotide was not resolved in the electron density 
map and is therefore not shown. 
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element at the very carboxy terminus of the cleft domain, which is 
represented by a uniform «-helix in the bacterial enzyme but is inter- 
rupted by insertions of two Rpbl residues, Arg 1386 and His 1387, 
whose side chains are positioned in the dwDNA minor groove mim- 
icking the Val B’108 loop (Fig. 4c and Supplementary Fig. 4b). The 
exact location of the loop insertion into the minor groove is, how- 
ever, different in each complex: in yeast and T7 ECs it occurs closer to 
the upstream edge of the dwDNA than to the ttEC. 

The RNA/DNA hybrid is tightly packed in the active-site cavity, 
where its phosphate backbone forms multiple polar and van der 
Waals interactions with the conserved protein residues (Fig. 3; see 
also Supplementary Table 2 in ref. 19). In this ‘mixed’ mode of 
binding (also observed in the T7 EC'*'®) the van der Waals contacts 
may have two essential functions. First, repulsion between the hydro- 
phobic side chains and charged phosphate groups may weaken 
hydrogen bonds that the latter form with the basic residues, thereby 
avoiding excessively strong binding of the nucleic acids that could 
reduce the EC processivity. Second, they may act as ‘shape sensors’ 
that monitor the hybrid configuration to provide feedback in res- 
ponse to mismatches and/or occasional dNMP incorporations, 
thereby contributing to the fidelity of transcription. 

The rudder loop is positioned between the RNA/DNA hybrid and 
the dwDNA (Fig. 4d), suggesting that although it is unlikely to func- 
tion in RNA displacement and/or separation of the upstream hybrid 
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Figure 4 | Protein-nucleic acid interactions in the ttEC structure. 

a-—c, Protein segments inserted in the minor groove of the dwDNA in the 
ttEC (a), T7 EC (b) and eukaryotic EC (c). d, e, Rudder loop (d) and flap 
domain (e) demarcate the RNA/DNA hybrid and dwDNA-binding sites in 
the ttEC and T7 EC, respectively. The van der Waals and polar interactions 
are shown by cyan and purple dashed lines, respectively. 
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strand'*”°, it contributes to the overall stability of the transcription 
bubble, a function consistent with the biochemical data’!. Indeed, the 
rudder demarcates the hybrid and the dwDNA, while stabilizing their 
position and conformation through the direct contacts; two Arg 
residues (B'586 and B’601) located at its N and C termini interact 
directly with the dwDNA phosphates and the hybrid, respectively 
(Fig. 4d). The rudder interacts with the upstream edge of the RNA/ 
DNA hybrid (registers —7/—8); thus, the contacts bridging the 
hybrid and the dwDNA may account for the higher stability of the 
EC than the early initiation complex. In contrast, the proper posi- 
tioning of the rudder and the setting-up of these bridging interac- 
tions may help to achieve the successful transition to elongation. The 
flap subdomain in T7 RNAP (which is characteristic of the EC but is 
missing from the initiation complex’”'*'®”’) also bridges the hybrid 
and the dwDNA and is probably a functional counterpart of the 
rudder” (Fig. 4e). 


dwDNA and RNA/DNA hybrid strand separation 


During elongation, RNAP performs thousands of nucleotide addi- 
tion cycles. Each cycle must culminate in forward translocation by 
one nucleotide to allow for the incorporation of the next substrate; 
this step entails the separation of 1 bp of the dwDNA accompanied by 
the displacement of one nucleotide of the nascent RNA from the 
DNA template at the upstream edge of the RNA/DNA hybrid and 
subsequent annealing of the upstream DNA duplex. The mechanisms 
of the dwDNA and the RNA/DNA hybrid strand separation have 
been largely explained for the single-subunit enzymes'*”’, but remain 
poorly understood for the multisubunit RNAPs. 

Two models based on the medium-resolution structures of 
the yeast ECs*® differ with regard to the position of the melting of 
the dwDNA: in one model, strand separation occurs deep inside the 
dwDNA-binding channel (register +5)°, whereas in another the 
dwDNA duplex is maintained at least up to the +3 register’. 
However, it is difficult to compare these models because the scaffold 
used in one work lacked the non-template strand up to the +4 
register®, whereas the mismatch was present in the dwDNA at register 
+2 in the other’. In the ttEC structure, in which we used the dwDNA 
that is fully complementary along its entire length (14 bp), the duplex 
is maintained up to and including the +2 register, with only one base 
pair open at register +1 (Supplementary Fig. 1), making the acceptor 
template in the active site available for base pairing with the incoming 
substrate. This observation is fully supported by a large body of work 
on the bacterial transcription complexes (see ref. 18 and references 
therein) and thus indicates that only one substrate at a time can bind 
specifically to the EC (see ref. 19 for additional evidence), while 
arguing against ‘multisubstrate’ models**”*. It is worth mentioning 
that our scaffold lacks the non-template strand upstream of the 
insertion site; the consequent lack of the upstream DNA duplex 
may indirectly affect the dwDNA strand separation. In the bacterial 
EC, the N terminus (8418-424) of loop 2 of the B fork (fork 2, B413- 
451; Fig. 1 and Supplementary Fig. 3b) acts as a steric barrier to the 
passage of the dwDNA towards the active site, probably having a 
central function in facilitating strand separation. Moreover, 
Arg 8422 at the tip of this loop forms a hydrogen bond with the 
acceptor template phosphate and stacks on the +2 base pair 
(Fig. 5a); similarly, in T7 RNAP Phe 664 stacks on the +2 template 
base, and the main chain amino group of the neighbouring Gly 645 is 
hydrogen-bonded to the acceptor template phosphate’’ (Fig. 5b). It is 
noteworthy that the F644A and G645A mutants are among four T7 
RNAP variants known to show a significant increase in the incorp- 
oration of mismatched bases”, suggesting that these interactions may 
be coupled to substrate loading and selection’. This analogy sug- 
gests, first, that Arg 8422 may be a fidelity determinant in the bac- 
terial RNAP, and second, that base pairing at register +2 might be 
essential for the proper positioning of the acceptor DNA base in 
the active site, which in turn may affect recognition and binding 
of the cognate substrate. Although poor sequence alignment and 
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conformational differences preclude unambiguous identification of 
the Arg 8422 counterpart in eukaryotic fork 2, two basic residues that 
are spatially close to Arg 8422 in the yeast structure (Arg 504 and 
Lys 507)* may have a similar function. In contrast, although the 
location of fork 2 in one of the eukaryotic ECs is similar, suggesting 
the same mechanism and position of separation of the dwDNA 
strand’, it adopts different conformations in other complexes and 
may disrupt the +5 base pair. Obtaining an unambiguous answer to 
this question would require a structural analysis of the eukaryotic 
ECs assembled on a nucleic acid scaffold containing a complete 
dwDNA duplex as in the present study. 

The ttEC structure shows that RNAP can readily accommodate 
9 bp of the RNA/DNA hybrid; its upstream edge (register —9) inter- 
acts with the lid loop that was previously proposed to facilitate the 
RNA displacement in eukaryotic RNAP? (Fig. 5c). In contrast to the 
yeast enzyme, however, in which this loop forms no direct contacts 
with the nucleic acids, in the ttEC several residues (conserved 
between bacteria and eukaryotes) from the lid stack onto the 
upstream base pair of the hybrid, mimicking the base-stacking inter- 
actions within the nucleic acid duplex (Fig. 5c and Supplementary 
Fig. 5). The lid therefore probably sterically blocks further growth of 
the hybrid, facilitating strand separation while simultaneously stabil- 
izing the upstream base pair. Given the likely flexibility of this pro- 
truding structural segment, its potential reorientations could 
accommodate the 8-bp or 10-bp RNA/DNA hybrids. The lid may 
thus serve as an important regulatory element in stabilizing various 
non-standard hybrid configurations that form during pausing, back- 
tracking or termination, for example. 

Although deletion of the lid does indeed result in the formation of 
persistent RNA/DNA hybrids on single-stranded templates, it seems 
dispensable in the presence of the non-template strand, suggesting 
that reannealing of the upstream DNA is crucial for displacement of 
the RNA**”’. In this respect, the trapping of the first displaced RNA 
base in the hydrophobic pocket formed by the B1012—1022 loop 
(switch 3) is of particular interest (Fig. 5d). Indeed, if competition 


Figure 5 | dwDNA and RNA/DNA hybrid strand separation. a, b, Structural 
elements interacting with the +2 dwDNA base pair in the ttEC (a) and T7 EC 
(b). c, The lid loop stacks on the upstream RNA/DNA base pair in the ttEC. 
d, The first displaced RNA base is trapped in the protein pocket formed by 
the displacement loop in the ttEC. The van der Waals and polar interactions 
are shown by cyan and blue dashed lines, respectively. 
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is assumed between the displaced RNA and the non-template strand 
nucleotides for the template strand, the switch 3 loop harbouring the 
RNA base might have an essential function in the ‘DNA-dependent’ 
mechanism of the RNA separation. 


Active site and implications for translocation 


In the post-translocated ttEC, the acceptor template base (i+ 1) 
resides in the active site, where it is sandwiched between the —1 
template nucleotide and the bridge helix, mimicking the duplex con- 
figuration (Fig. 5a). Asa result, its base pairing with the substrate may 
position the substrate phosphates near the active-site residues, in 
stark contrast to the post-translocated state of the T7 EC, in which 
the acceptor template base is displaced by the side chain of Tyr 639 
(Fig. 5b), ‘forcing’ the initial substrate binding into the inactive, 
‘preinsertion’ site located far from the active centre’* and thus neces- 
sitating significant structural rearrangements to deliver the substrate 
to the active, ‘insertion’ position. Even though the transition to the 
‘insertion’ state in the bacterial RNAP apparently does not call for 
such large changes, the structures of the substrate-bound ttECs’ 
argue for the conceptually similar two-step mechanism: NTP first 
binds to the preinsertion configuration followed by isomerization to 
the closed, insertion state after the substrate-induced folding of the 
trigger loop, which is disordered in the ligand-free ttEC. 

Although the protein/nucleic acid interactions formed at the 
upstream and downstream edges of the hybrid and the dwDNA, 
respectively, as well as those made with the first displaced RNA 
nucleotide and the acceptor template, potentially stabilize the post- 
translocated ttEC state, the same interactions are probably present in 
the pre-translocated complex, suggesting that these two states are 
equally stable in the absence of the substrate. Our analysis failed to 
reveal structural elements (for example, a ‘ratchet’) that would pre- 
clude the backward DNA translocation in the post-translocated ttEC. 
In particular, the bridge helix, whose local distortion® could poten- 
tially freeze the post-translocated state, is uniform in the ttEC. The 
ttEC structure therefore supports a ‘brownian-ratchet’ mechanism, 
in which translocation is driven by thermal motions giving rise to 
equilibrium between the post-translocated and pre-translocated 
states of the substrate-free ECs, whereas binding of the cognate sub- 
strate would favour the post-translocated state’. In contrast, struc- 
tures of the T7 RNAP EC reveal markedly distinct orientations of the 
template in the register (i+ 1) in the post-translocated and pre- 
translocated conformations’’, prompting a hypothesis that the 
Tyr 639 side chain replacing the DNA template in the active site acts 
as a ‘ratchet’ stabilizing the post-translocated state and blocking 
reverse translocation. 


Implications for pausing and termination 


Gene expression in bacteria is frequently controlled by nascent RNA 
hairpins, which, depending on the context, can slow RNAP down at a 
pause site to await a regulatory input or trigger RNA release at a 
terminator. The principal difference between the pause and the ter- 
minator hairpins is the register at which the RNA duplex begins, 
namely (—11/—10) and (less than —8), respectively*’”*. The 9 bp 
of the RNA/DNA hybrid and the duplex-like conformation of the 
displaced RNA observed in the ttEC suggest that the pause hairpin 
could be formed within the exit channel without major alterations of 
the enzyme structure. Indeed, modelling demonstrates that the RNA 
exit channel can accommodate the A-form 5-bp hairpin stem after 
subtle rotations of the experimental displaced RNA strand (~22°) 
used as a template for the modelling, and the flexible flap-tip helix 
(~30°; 8761-785; Supplementary Fig. 6). The eukaryotic RNA exit 
channel that lacks the flap-tip helix and seems more open could 
accommodate nascent hairpins even more readily. In the model, 
the first displaced RNA base —10 is buried in the protein pocket, 
retaining its position observed in the experimental structure, and is 
not available for base pairing. In an alternative model the hairpin- 
induced local alterations of the lid and/or switch 3 loops may result in 
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the formation of an additional RNA/DNA hybrid base pair that 
would increase the stability of the paused complex, while impeding 
the translocation and/or RNA displacement and prolonging the 
pause. 

Modelling of the termination hairpin seemed impossible in view of 
the predicted significant rearrangements of the RNAP structure after 
hairpin formation at register —8 that triggers forward translocation 
and RNA release® or EC inactivation and dissociation**. However, 
our modelling attempts suggest that these rearrangements would 
probably involve those structural elements whose orientation is affec- 
ted by the o binding in the holoenzyme. Given that both the ini- 
tiation and termination complexes are highly unstable, it is possible 
that the termination hairpin would destabilize the complex in a fash- 
ion similar to that of the o-factor. For example, the hairpin might 
displace the lid/coiled-coil/rudder domain in a o-like manner (see 
above), thereby disrupting the rudder—nucleic-acid interactions that 
affect the EC stability”’. 


Concluding remarks 


This study provides the first detailed view of the bacterial EC struc- 
ture and identifies the determinants of the complex stability, proces- 
sivity, and response to the regulatory nucleic acid signals, which in 
turn suggest the mechanisms for separation of the nucleic acid 
strand, DNA translocation, and transitions from the initiation to 
the elongation stage and finally to the termination stage of transcrip- 
tion. Most remarkably, it allows us to draw numerous parallels 
between single-unit and multisubunit enzymes and argue that these 
RNAPs use analogous structural mechanisms of nucleic acid binding 
and processing, because many fundamental features (such as duplex 
separation, RNA displacement and active-site architecture) seem 
strikingly similar at the molecular level. This conclusion is perhaps 
not surprising in view of the ancient evolutionary origin of the 
RNAPs and the similarities in response of the extant enzymes from 
phages, bacteria and eukaryotes to at least a subset of regulatory 
signals, yet it remains to be widely appreciated in the field. Indeed, 
scores of adaptive and accidental evolutionary innovations found in 
prokaryotes and eukaryotes obscure the profound congruity of the 
basic transcriptional mechanisms in all life kingdoms. However, the 
progress in understanding the differences in organization of tran- 
scriptional machinery between organisms and the impact they have 
on the regulation of gene expression depends on an understanding of 
the elemental similarity of the catalytic mechanisms and their struc- 
tural framework. This work has fitted into place a few more pieces of 
the transcription puzzle, while highlighting the need for further 
advances on two fronts: first, continual improvement in the struc- 
tural data to the near-angstrém resolution required to explain the 
basic catalytic mechanism, and second, a progressive build-up of the 
crystallized complexes to include the non-template DNA strand, 
nascent RNA hairpins, and regulatory factors. 


METHODS SUMMARY 


The structure was determined by the molecular replacement technique* by 
using the core enzyme portion of the T. thermophilus holoenzyme structure® 
(PDB entry 1IW7) as a search model (Supplementary Table 1). Application of 
the zonal scaling to the experimental diffraction data greatly improved the Rfree 
and omit electron density (Supplementary Figs 7 and 8 and Supplementary Table 
2) and permitted model building of all nucleic acid components of the EC. The 
structure was refined to a final R-factor/Rg,e¢ of 0.238/0.267 at 2.5 A resolution 
(Supplementary Table 3). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Crystallization and data collection. Initially, the two nucleic acid scaffolds were 
designed for co-crystallization with the T. thermophilus core enzyme that differed 
only in the length (8 and 9 bp) of the RNA/DNA hybrid**”’. Surprisingly, the 
preliminary biochemical characterization of the ECs assembled on these scaf- 
folds (that might be designated as the EC8 and EC9) revealed that whereas the 
EC9 was resistant, the EC8 seemed highly sensitive to pyrphosphorolysis, sug- 
gesting that the EC9 and EC8 are preferentially in the post-translocated and 
pre-translocated states, respectively. Consistent with this interpretation, crystal- 
lization of these complexes resulted in the crystals obtained under essentially 
distinct crystallization conditions, belonged to the different space groups (tet- 
ragonal and hexagonal for the EC9 and EC8, respectively) and were not cross- 
reproducible***’. Whereas the EC8 hexagonal (presumably pre-translocated) 
crystals diffracted to only 7A resolution, the very first relatively small EC9 
tetragonal crystals diffracted beyond 4A and we therefore concentrated on the 
improvement of these promising crystals. 

The optimized crystallization conditions for the EC9 (the well solution con- 
tained 30% 2-methyl-2,4-pentandiol, 0.1 M sodium cacodylate pH 6.5 and 0.2 M 
magnesium acetate) resulted in the large bipyramidal crystals that belonged to 
the space group P4,2,2 with unit cell dimensions a = b = 156.21 A, c= 499.23 A. 
In spite of their large size, most of the crystals exhibited poor diffraction quality 
and high mosaicity. After numerous trials, we were able to select only one well- 
diffracting crystal, from which the preliminary high-resolution data were col- 
lected at synchrotron beam line BL6, Photon Factory, Japan*®**’”. Although the 
data allowed us to solve the structure by molecular replacement and indicated 
the presence of the nucleic acids in the complex, the electron density (ED) for the 
nucleotides was of the overall modest quality and was especially poor for the 
upstream edge of the RNA/DNA hybrid, the downstream edge of the dwDNA 
and for the displaced RNA transcript. In particular, the ED corresponding to the 
two template nucleotides at the upstream edge of the hybrid was nearly absent. 
We presumed that although the ECs showed high stability during the relatively 
short biochemical experiments, they might be still affected by the oscillation 
between the post-translocated and pre-translocated states that would permit 
the excision of the 3’-RNA nucleotides during crystallization lasting several 
weeks, thereby resulting in a mixture of the different complexes coexisting in 
the crystal. The analysis of the nucleic acids from the crystals that were growing 
for about three months revealed that this hypothesis was correct (Supplementary 
Fig. 9). To resolve this problem, a new scaffold was designed, in which the two 3’- 
RNA nucleotides were linked by phosphorothioate bonds to inhibit nucleolytic 
cleavage, and the G/C content in the hybrid and the dwDNA was increased to 
achieve better stability of the complexes and presumably prevent backtracking. 
Indeed, the new scaffold seemed substantially more stable in the lengthy crys- 
tallization experiments (Supplementary Fig. 9), which resulted in faster-growing 
and better-diffracting crystals. Though the percentage of crystals diffracting to 
high resolution was substantially increased, all of them were still characterized by 
a high, anisotropic mosaicity that, in combination with a quite weak diffraction 
power, seriously affected the quality of the processed data. To improve the 
mosaicity, we applied an annealing procedure to the crystals. After multiple trials 
we found that freezing the crystals in the cryo-stream followed by annealing and 
soaking them in the cryoprotectant for ~1—2 min greatly improved the mosai- 
city for some crystals on the second cycle of freezing. This allowed us finally to 
select a few well-diffracting crystals with a reasonably low mosaicity (0.5-0.7°), 
from which the best sample was used for high-resolution data collection at 
the SERCAT beam line (APS, Argonne, USA); the structure was refined by using 
the twinning option of the CNS program”*® alternating with manual model 
building” to a final R-factor/ Ree of 0.238/0.267 at 2.5 A resolution (Supplemen- 
tary Table 3). 

All structural figures were prepared with the programs Molscript, Bobscript 
and Raster3D*°’. 

Zonal scaling: the key for structure solution. Molecular replacement* applied 
to the EC data provided a clear single solution for both rotation and translation 
functions using the core enzyme extracted from the previously determined 
structure of the T. thermophilus holoenzyme* (PDB entry 1[W7) as a search 
model (Supplementary Table 1). Surprisingly, however, the rigid body and posi- 
tional refinements performed against the original diffraction data were highly 
unstable and did not yield a decisive decrease in R-factor from the initial value of 
~49.8% at 2.5 A resolution (Supplementary Table 2) providing, in particular, 
the abnormally high R-factors in the lowest resolution shell. As a result, the 
(2F obs — Featc) ED map was characterized by a largely smeared ED in the protein 
region that was lacking the atomic details, demonstrating ~4.0 A rather than 
2.5A resolution quality, and by a fairly poor omit ED for the nucleic acids 
(Supplementary Figs 7a and 8a). Careful analysis revealed that the data were 
affected by strong ‘mis-scaling’ between the low-resolution (~20-7 A) and high- 
resolution data. Because this problem could not be resolved through a procedure 
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of the bulk solvent correction**** that uses the uniform solvent approach, we 


presumed that in the EC crystals the solvent might be non-uniform, thereby 
providing systematic, but distinct, contributions to the intensities in different 
resolution ranges. To test this hypothesis, we devised an original procedure in 
which ‘zonal scaling’ was applied to the diffraction data before the refinement 
and modelling of the nucleic acids in the EC using the unbiased (right after the 
molecular replacement) RNAP coordinates to eliminate or minimize the poten- 
tial resolution-dependent systematic errors in the experimental data that might 
arise, in particular, from the non-uniformity of the solvent in the crystals. The EC 
data were divided into ~ 180 resolution shells (to allow for ~2,000 reflections per 
shell), and the individual scale factors between the observed and model structure 
factor amplitudes were determined and applied to the experimental data for each 
shell. The zonal scaling protocol is not entirely new and was previously imple- 
mented in the program PRISM“ that used skeletonization of the ED as a tech- 
nique of phase improvement to provide a better match between the observed and 
calculated structure factor amplitudes and was used successfully by us in the 
determination of the T4 endonuclease V/DNA complex structure*’. Moreover, 
another commonly accepted scaling procedure, ‘local’ scaling, although different 
in details, uses the same idea of the determination of the individual scale factor 
for a particular reflection through scaling applied to only a limited subset of the 
reflections adjacent to this reflection in a reciprocal space”’. This protocol would 
therefore apparently introduce a similar, resolution-dependent correction to the 
structure factor amplitudes as zonal scaling. Consistently, application of local 
scaling to scale the native and heavy-atom derivative data was reported to make a 
significant improvement in the signal-to-noise ratio in the difference Patterson 
maps’, while this option is incorporated in the major programs using direct 
methods to localize the heavy-atom sites in the derivatives of protein crystals, 
where it is used to obtain a better estimate for the normalized structure factor 
amplitudes**’. The novelty of our approach is that we used the zonal scaling 
procedure towards a refinement of the atomic model. 

Zonal scaling, in combination with the bulk solvent correction, led to a 
marked decrease in the initial R-factors (particularly at low resolution) and a 
smooth rigid-body refinement using the CNS program** that converged to an 
R-factor/Rfree of ~39% after B-factor refinement (Supplementary Table 2). 
Identification of merohedral twinning coupled with the non-crystallographic 
symmetry similar to that observed previously’’**°° (Supplementary Table 3) 
additionally improved the R-factors to ~33% at 2.5 A resolution just through 
the rigid-body refinement and provided a high-quality ED for both the existing 
protein model and, most importantly, for the nucleic acid chains missing from 
the model (Supplementary Figs 7b and 8b). This ED allowed us to replace the f’- 
subunit dispensable region (f’165—449) mistraced in the RNAP holoenzyme 
with the proper model”', to model all the nucleic acid in the EC unambiguously 
and to obtain a final high-quality model on refinement” (alternating with man- 
ual model building”) of the whole complex against the 2.5-A resolution data (R- 
factor/ Ree = 0.238/0.267; Supplementary Table 2). The final model includes the 
RNAP core enzyme (2, B, 8’ and @ subunits, molecular mass ~400 kDa), the 
13 bp of the dwDNA, 9 bp of the RNA/DNA hybrid, and seven nucleotides of 
the displaced RNA transcript (Fig. 1 and Supplementary Fig. 1). 

All available corrections to the experimental data and the atomic parameters 
used during refinement of the macromolecular structures are aimed at decreas- 
ing the crystallographic R-factor and subsequently increasing the quality of the 
ED map. Among these, those variable parameters against which the major min- 
imization is performed (coordinates, B-factors) might be overfitted during the 
course of the refinement, resulting in a so-called ‘model bias’. There are at least 
two solid criteria that allow us to detect and avoid a model bias: Rgree. which 
would begin increasing, and the omit ED maps, which would become worse on 
overfitting of the model. Zonal scaling demonstrated an excellent match to both 
of these criteria. Indeed, this correction applied only once to a partial unrefined 
model resulted in a decisive decrease in the initial Rg... value by ~6%, while the 
refinement against the corrected experimental data yielded an additional overall 
decrease in Rg-ee by ~18% (note that the refinement against the original data set 
did not converge at all; Supplementary Table 2). In contrast, application of zonal 
scaling to the EC diffraction data permitted a marked improvement in the omit 
nucleic acid ED (Supplementary Fig. 8b) thereby providing additional evidence 
that the zonal correction does not introduce model bias but significantly 
improves signal-to-noise ratio. It is also worth noting that, although zonal scal- 
ing and bulk solvent corrections are both designed to provide a better match 
between the low-resolution and high-resolution data, their contributions to the 
structure factors are largely distinct, suggesting that these corrections may 
account for somewhat different properties of the crystals and are therefore com- 
plementary, rather than alternative, techniques. Indeed, application of the bulk 
solvent correction after zonal scaling resulted in an additional improvement in 
Reree (Supplementary Table 2). 
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Our preliminary data indicate that zonal scaling would probably aid in the 
refinement of many crystal structures and in some cases (like that of the EC 
structure) may emerge as a key technique for structure determination. The 
detailed analysis of this technique is now underway and the results on the 
application of zonal scaling to the refinement of the various crystal structures 
will be published elsewhere. 
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Structural basis for substrate loading in 
bacterial RNA polymerase 


Dmitry G. Vassylyev', Marina N. Vassylyeva’, Jinwei Zhang’, Murali Palangat®, Irina Artsimovitch? 
& Robert Landick** 


The mechanism of substrate loading in multisubunit RNA polymerase is crucial for understanding the general principles of 
transcription yet remains hotly debated. Here we report the 3.0-A resolution structures of the Thermus thermophilus 
elongation complex (EC) with a non-hydrolysable substrate analogue, adenosine-5'-[(«,$)-methyleno]-triphosphate 
(AMPcPP), and with AMPcPP plus the inhibitor streptolydigin. In the EC/AMPcPP structure, the substrate binds to the active 
(‘insertion’) site closed through refolding of the trigger loop (TL) into two a-helices. In contrast, the EC/ AMPcPP/ 
streptolydigin structure reveals an inactive (‘preinsertion’) substrate configuration stabilized by streptolydigin-induced 
displacement of the TL. Our structural and biochemical data suggest that refolding of the TL is vital for catalysis and have three 
main implications. First, despite differences in the details, the two-step preinsertion/insertion mechanism of substrate loading 
may be universal for all RNA polymerases. Second, freezing of the preinsertion state is an attractive target for the design of 


novel antibiotics. Last, the TL emerges as a prominent target whose refolding can be modulated by regulatory factors. 


The mechanism of substrate selection and loading into the active site 
is of central importance in the studies of the multisubunit RNA 
polymerases (RNAPs), which mediate gene expression in all cellular 
organisms and in which substrate loading is tightly coupled to the 
overall processivity, fidelity and regulation of transcription. Not only 
will understanding of this mechanism illuminate the basic principles 
of transcription, but it will also have important medical applications 
by facilitating the design of novel antibiotics targeting the nucleotide 
addition cycle (NAC) of bacterial RNAP. 

Structural snapshots of the substrate-bound transcription inter- 
mediates obtained by X-ray crystallography have provided a clear 
view of the NAC in single-subunit RNAPs, suggesting a two-step 
substrate loading mechanism’”. In the T7 EC, the incoming substrate 
NTP first binds to the inactive (‘preinsertion’) conformation. In the 
preinsertion state the substrate is base-paired with the acceptor tem- 
plate base while the catalytic O/O' helices anchoring the NTP phos- 
phates are in the open configuration, thereby positioning the 
substrate several angstréms from the catalytic centre. Second, the 
EC isomerizes into the catalytically active (‘insertion’) state by clos- 
ure of the active site after rotation of the catalytic O/O’ helices and 
the concerted movement of the substrate into the catalytic centre. 

In contrast, the pathway of substrate loading into the active site of 
multisubunit RNAPs remains a matter of debate’. Although an ana- 
logous two-step mechanism was proposed for bacterial enzymes", 
one group working on a structural analysis of eukaryotic RNAPs 
reported findings of a templated NTP in the preinsertion site’, 
whereas another emphasized a template-independent site of entry® 
(overlapping, but distinct from, a previously proposed E-site whose 
existence was inferred from an analysis of RNAP active-site exo- 
nuclease activity, in the location of the nucleotide base’) while ruling 
out the existence of the preinsertion state. Moreover, ‘multisubstrate’ 
models based on kinetic analyses posit the existence of at least two 
other sites to which substrate can bind simultaneously with the 
insertion site*’. These apparently irreconcilable models of substrate 


selection and loading underscore the need for additional investiga- 
tion including high-resolution structural analysis. 

We have determined the crystal structures of the T. thermophilus EC 
(ttEC’®,) with the non-hydrolysable substrate analogue AMPcPP, and 
with AMPcPP and antibiotic streptolydigin (Stl) at 3.0 A resolution 
(Fig. 1, Supplementary Fig. 1 and Supplementary Table 1). Our results 
argue that NTP loading occurs in two steps: first, substrate binding to 
an open, inactive (‘preinsertion’) state, and second, refolding of the TL 
into two trigger helices (TH) that stabilize the closed, catalytically 
active (‘insertion’) intermediate (Fig. 1). Stl induces displacement of 
the TH, thereby freezing the EC in the inactive state (Fig. 1). 


Insertion site: closing by folding of the TL 

In the ttEC/AMPcPP complex (Fig. la), formation of a closed sub- 
strate-bound intermediate occurs on folding of the TL (B’1236-1254) 
into two o-helical segments that extend the a-helices flanking the TL to 
form two long anti-parallel helices (TH, B’1221—1265); together with 
the adjacent bridge helix (BH, f’1066—1103), this creates a three-helical 
bundle (Fig. 2a and Supplementary Fig. 2a). TL refolding reduces the 
dimensions of the secondary channel"’ at the entrance to the active site 
from ~15A X 22A in the substrate-free EC to ~11A X 11A in the 
substrate-bound EC (Supplementary Fig. 2b, c). This constriction 
probably hinders substrate dissociation and competition but would 
still permit the entry of regulators that are thought to directly remodel 
the RNAP catalytic centre on binding through the secondary channel’’. 
Closure of the active site, although not accompanied by the TL+>TH 
transition, was also proposed to occur in eukaryotic EC”. 

In the substrate-free EC, where TL is disordered", certain structural 
elements may adopt a conformation that is unfavourable for TH forma- 
tion. Superposition of the ttEC and ttEC/AMPcPP structures (root 
mean squared deviation 0.37 A over the 500 C,, atoms) revealed local 
alterations near the active site apparently triggered by substrate binding. 
First, the rearrangement of the downstream DNA (dwDNA) is ac- 
companied by a repositioning of fork loop 2 (fork2, 6413-451) 
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(Supplementary Fig. 3b) that is likely functionally significant: the fork 2 
amino-terminal hairpin stacks on the (i+ 2) base pair, whereas its 
carboxy-terminal portion contributes to the formation of the closed 
active site, thereby bridging the dwDNA and substrate in the EC”. 
Second, a ~1.5-A shift of the central portion of the BH (B’1077— 
1095) positions the BH between the TH, so that the BH side chains fit 
into the grooves of these helices. This BH displacement (which differs 
from the BH bending/unfolding proposed to control translocation and 
NTP loading’*"*) seems crucial for the TL->TH transition: it supports 
an optimal network of contacts within the three-helical bundle while 
eliminating steric clash that would occur between the TH and BH posi- 
tioned as in the substrate-free EC (Supplementary Fig. 3b, c; Phe B’1241 
from TH and Thr $1084 from BH would produce the major clash; an 
alignment of all the residues discussed in this paper with Escherichia coli 
and yeast RNAPs is presented in Supplementary Table 2). 
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Figure 1| Structures of the substrate complexes. The same colour scheme 
is used in all figures. The DNA template, non-template and RNA strands are 
in red, blue and yellow, respectively. The BH, the TH and the rest of the 
RNAP molecule are in magenta, cyan and grey, respectively. The insertion 
and preinsertion NTP analogues and Stl are designated by green, orange and 
black, respectively. The catalytic Mg”* ions (MgI and MglII) are shown as 
magenta spheres. a, b, Overall views of the ttEC/AMPcPP (a) and EC/ 
AMPcPP/Stl (b) complexes. CC, coiled coil. ¢, d, Superposition of the NTPs 
(c, d) and TH (d) in the insertion (green, NTP; cyan, TH) and preinsertion 
(orange, NTP; blue, TH) complexes. 
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Insertion site: substrate binding 

In the ttLEC/AMPcPP complex, AMPcPP forms a Watson—Crick base 
pair with the acceptor template sandwiched between the 3’ end of the 
RNA/DNA hybrid on one side and the protein residues from the TH 
and BH on the other. Met B’1238 (TH) and Thr B'1088 (BH), which 
stack directly on the substrate and template bases, respectively, seem 
essential for the positioning and selection of the substrate (Fig. 2); the 
corresponding RNAPII residues Leu 1081 and Thr 831 seem to have 
similar functions in the yeast EC’’. In agreement with modelling and 
biochemical studies'*’°, Asn B'737 forms hydrogen bonds with both 
O3' and O2' of the substrate ribose, thereby permitting discrimination 
against the non-cognate dNTPs lacking either or both of these atoms 
(Fig. 2b, c). This is in contrast with the eukaryotic EC structures in 
which the Asn 8’737 counterpart interacts only with the 03’ atom’’. 
However, in agreement with the eukaryotic structures, Arg B’704 forms 
hydrogen bonds bridging the 02’ atom of the substrate and the 3’ RNA 
nucleotide (Fig. 2c and Supplementary Fig. 4), which is consistent with 
its proposed role in discriminating between rNTP and dNTP. 

The substrate phosphates reside in the active site and adopt a folded 
conformation that permits the concerted coordination of both the 
high-affinity (MgI) and low-affinity (MgII) catalytic Mg”* ions, which 
are located ~3.9 A apart (as was also observed in the high-resolution 
‘insertion’ structures of T7 RNAP and DNA polymerase””’). All three 
phosphates coordinate MglII, and the «-phosphate additionally binds 
Mgl. As expected, the catalytic Asp triad (B'739, B’741 and B’743) 
provides three ligands to MglI (Fig. 2d and Supplementary Figs 4a 
and 5). However, in contradiction of the expectations that MgII would 
be directly coordinated by two f’ triad Asp residues and by the invari- 
ant Asp 8686 side chain®’*, only one triad residue, Asp B'739, bridges 
both Mg’* ions (Fig. 2d and Supplementary Figs 4a and 5). A similar 
coordination pattern was observed in DNA polymerases””’. 

The electron density (ED) reveals a water molecule near MgII (Sup- 
plementary Fig. 6) whose position is fixed by the substrate phosphates 
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Figure 2 | The insertion complex. a, Close-up view through the main 
channel of the folded TH closing the RNAP active site. b-d, Three views 
showing a three-dimensional pattern of protein direct (b) and Mg”*- 
mediated (d) interactions with the AMPcPP phosphates, discriminating 
contacts with the ribose (c) and stacking interactions with the base (b—d) of 
AMPcPP. The rotations necessary to obtain the views in b and c relative to 
a and of b relative to d are indicated. Hydrogen bonds, van der Waals 
interactions and Mg”* coordination bonds are shown by orange, yellow and 
blue dashed lines, respectively. 
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and several protein residues including invariant Glu 8685 (W in 
Fig. 2d and Supplementary Figs 4a and 5). In the final structure, 
two ligands for the metal ions are missing (one for each Mg”~ ion); 
however, their positions can be inferred because all other bonds agree 
well with the octahedral Mg” coordination. Modelling shows that 
both missing bonds may be donated by a single water molecule located 
within the interacting distance of Asp 8686 (pW in Supplementary 
Fig. 7), which may have a catalytic function. The direct and indirect 
(water-mediated) coordination of the catalytic metal ions by the f’ 
triad and the f acidic pair, respectively, is consistent with the obser- 
vations that replacements of any of the B’ Asp residues’?! confer a 
much more deleterious effect than those of the B residues””?”. 

The conformation of the substrate phosphates is stabilized through 
11 hydrogen bonds with six basic residues, among which four were 
predicted from the yeast EC structure’ and modelling of the bacterial 
substrate complex’; the other two, Arg B’1239 and His 8’ 1242, belong 
to the TH (Fig. 2b and Supplementary Fig. 4a). Together with two 
additional TH residues, Met §’1238 and Phe B’1241, these residues 
form a complex network of interactions with the substrate that may 
determine the optimal shape of the closed active-site cavity and favour 
the proper loading of cognate NTPs (see below) while excluding non- 
cognate NTPs. 

Taken together, the highly specific mode of substrate binding, the 
arrangement and coordination of the catalytic Mg”~ ions, the stable 
closure of the active site by the TH, and the apparent similarity to 
functionally homologous systems*’” strongly argue that the ttEC/ 
AMPcPP structure corresponds to the catalytically active insertion 
transcription intermediate. 


Preinsertion state: Stl-induced displacement of the TH 


Our structural and functional analyses of the mechanism of Stl”, 
which inhibits bacterial RNAP during both initiation and elongation, 
led us to conclude that Stl does not compete with the substrate but 
rather stabilizes the inactive, substrate-bound preinsertion state, pre- 
sumably by interfering with closure of the active site (but see ref. 27). 
The ttEC/AMPcPP/Stl structure confirms this prediction: whereas 
both Stl and AMPcPP were bound to the ttEC, the TH are only partly 
folded and are displaced from their position in the ttEC/AMPcPP 
complex by as much as 15 A, leaving the active site open (Fig. 3a). 
Stl binds in the dwDNA channel along the BH, ~20 A and ~10A 
from the B’ Asp triad and substrate base, respectively (Fig. 3a and 
Supplementary Fig. 8). The Stl contacts to the ttEC are different from 
those in the RNAP/Stl complex”® by a few polar and multiple van der 
Waals interactions that Stl forms along its entire length with the 
dwDNA (Supplementary Fig. 8b, c). The effect of Stl on TH displace- 
ment is probably indirect and consists of two major components. First, 
binding of the streptolol ring in the pocket formed by the BH fragment 
(B’1082-1086) and fork2 and its van der Waals contacts with the 
acceptor base would hinder their movements after substrate binding 
in the insertion complex; in particular, the BH in the Stl-induced 
conformation would probably clash with the closed TH, as described 
above for a substrate-free EC. Second, on the opposite side of the Stl 
molecule, the acetamide moiety stacks on Ile B’1260 and Pro B’1257, 
slightly displacing the latter (Supplementary Fig. 8b, c); these interac- 
tions might disturb the network on the interhelical TH contacts 
required for the proper folding of this TL segment. As a result, the 
TLC terminus (1251-1255) is in an extended rather than an o-helical 
conformation, whereas the TH tip (B’1244-1250) seems disordered 
(Figs 1d and 3a). The N-terminal half of the TL retains the o-helical 
configuration; however, the helix is sharply bent, allowing it to pack in 
the dwDNA channel near Stl (and far from the substrate), and makes 
extensive hydrophobic interactions with both the BH and Stl. 


Preinsertion state: substrate binding 

Apart from TL displacement from the active position, Stl binding 
does not affect any structural elements essential for substrate binding 
in the active site. Consistently, our structural data show that substrate 
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may still bind with high affinity and specificity in the open conforma- 
tion. However, the open intermediate seems catalytically inactive as a 
result of the displacement of the substrate phosphates (a ~35° rota- 
tion occurring approximately about the C4’—C5’ bond resulting in a 
~2.5 A overall shift; Fig. 1c). Although still in the folded configura- 
tion that is capable of anchoring the MgII, the phosphates reside too 
far from the Mgl (~5.5 A to the o-phosphate) to permit the catalytic 
reaction (Fig. 2b—d and Supplementary Figs 4b and 9). Given that the 
base-specific and ribose-specific interactions are nearly identical to 
those in the insertion complex (see below), the ttEC/AMPcPP/Stl 
structure probably represents a structural snapshot of a template- 
dependent inactive substrate complex. This complex may be func- 
tionally similar to the T7 preinsertion complex, even though the 
difference in preinsertion and insertion substrate positions is less 
marked than was observed in the T7 EC. 

Whereas the absence of the folded TH probably accounts for the 
inactive orientation of the triphosphate, its binding is mediated by 15 
hydrogen bonds with four basic protein side chains (Fig. 3b) and 
should be at least as stable as in the insertion complex. Among these, 
Arg B557 donates only one hydrogen bond to the substrate in the 
insertion complex vs eight hydrogen bonds bridging the a- and 
y-phosphates in the preinsertion complex, thereby probably com- 
pensating for the lack of the polar interactions with the TH in the 
preinsertion state (Fig. 3b and Supplementary Fig. 4). Four basic 
residues form a rim around the NTP phosphates in both the prein- 
sertion and insertion states (Arg 8557, Arg B879, Arg B’783 and 
Arg B’1029; Figs 2b and 3b, and Supplementary Fig. 4)'°. The rim 
is stabilized through stacking interactions between the Arg side 
chains that largely determine and restrain their orientations. 
Replacement of one of these residues may increase their mobility 
and induce rearrangement of the remaining basic residues in the 
rim that would allow them to maintain the same number of contacts 
with NTP as in the wild-type enzyme. Indeed, the substitution of 
Arg 8557 (B R678 in E. coli) for Cys does not have large effects on 
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Figure 3 | The preinsertion complex. a, The TH in the Stl-bound EC. 

b-d, Three views (in similar orientations to those in Fig. 2b—d) showing a 
three-dimensional pattern of protein direct (b) and Mg**-mediated 

(d) interactions with the AMPcPP phosphates, discriminating contacts with 
the ribose (b) and stacking interactions with the base (b—d) of AMPcPP. 
Hydrogen bonds, van der Waals interactions and Mg”* coordination bonds 
are shown by green, yellow and blue dashed lines, respectively. 
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the substrate affinity or the catalytic rate”. Whereas in the insertion 
state all three NTP phosphates have protein ligands, in the preinser- 
tion state the B-phosphate lacks interactions with the protein; this 
suggests that the triphosphate adopts a somewhat relaxed conforma- 
tion that resists loading into the catalytic position. The basic rim may 
therefore serve as a ‘gate’ that prevents catalysis in the open EC 
conformation. Tyr 639, which sterically blocks the active site in the 
preinsertion state, may have a similar function in T7 RNAP’. 
Isomerization into the insertion state would require the gate to 
‘open’, probably in response to TH folding that might alter the 
NTP interactions to facilitate its release from the preinsertion con- 
tacts and at the same time stabilize the insertion configuration. 
His §'1242 might be important for this transition, because in the 
TH configuration it clashes most severely with the preinsertion 
NTP phosphates; however, in the model the clash also occurs with 
the TH backbone around position B'1239, suggesting that TH fold- 
ing may be the key for the preinsertion/insertion transition. 

Despite the lack of contacts with the TH in the open active site, 
the base and sugar substrate moieties occupy positions similar to 
those in the insertion state (root mean squared deviation ~0.6 A); 
thus, both Watson—Crick base pairing with the template and ribose- 
discriminating contacts with Asn B’737 (Fig. 3b-d and Supple- 
mentary Fig. 4b) are already established in the preinsertion state. 
Interestingly, Thr B’1088 (BH), which in the insertion complex 
stacks only on the acceptor template base (Fig. 2), forms additional 
stacking interactions with the NTP base in the preinsertion state that 
seem to compensate for the absence of Met B'1238 (TH). The BH 
and, in particular, Thr B’1088 may therefore serve as an important 
fidelity determinants in both the preinsertion and insertion states. 
Consistently, substitution of ThrB’1088 for Val, which would 
enhance van der Waals interactions with the NTP/DNA template 
base pair, also enhanced selectivity for rNTP over dNTP’. The effect 
of Asp 8554 mutations on transcription fidelity may be also ex- 
plained by the repositioning of the BH resulting from these substitu- 
tions: in both complexes Asp 8554 resides far from the NTP but in 
close proximity to the BH. 
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Figure 4 | Effect of TL alterations on nucleotide addition rate. a, Location 
of TL alterations in the E. coli RNAP. The diagram above the sequence 
indicates the position of the TH. SI3 denotes the location of SI3 in wild-type 
E. coli RNAP. E. coli LT930,1 and GG938,9 correspond to T. thermophilus 
LT1236,7 and GG1244,5, respectively. b, Sequence of the transcription 
scaffolds surrounding the sites used to assay nucleotide addition and 
pyrophosphorolysis (see Methods). C15 corresponds to C25 in ref. 8. “X mM 
CTP’ represents the range of CTP concentrations used in the assay. 

c, Electrophoretic separation of reaction products from a quench-flow assay 
of wild-type RNAP at 25 uM CTP (see Methods). d, Kinetic parameters 
measured for wild-type, ASI3, PP and AA RNAPs. n.d., not determined. 
Values estimated from Fig. 1C in ref. 8 are shown for comparison. CTPo5, 
the concentration of CTP giving half-maximal velocity, is reported rather 
than Kyrp because equilibrium binding may not be a valid assumption. The 
rate of pyrophosphorolysis (Vpp;) was determined at 1 mM PP;. Errors are 
s.e.m. and were calculated as described in Methods. 
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TL folding is essential for catalysis 


The TH are apparently less flexible than the unfolded TL, because 
their conformation is additionally stabilized through intrahelical and 
interhelical interactions, as well as through contacts with the adjacent 
protein segments. However, the TH may be unstable in the absence of 
the latter contacts, suggesting that the substrate not only anchors the 
TL, as implied by the eukaryotic TL model'’, but may also induce 
changes that create a network of the protein-protein contacts along 
the entire TH length to stabilize the flexible portion of the TL. Indeed, 
even subtle alterations would disrupt these crucial interactions and 
could alter folding/positioning of the TH even in the presence of 
the substrate (for example, as observed in the ttEC/AMPcPP/Stl 
structure). 

To test the hypothesis that folding of the TL, rather than its move- 
ment in the unfolded state’, is a crucial component of the substrate- 
loading mechanism in bacterial RNAPs, we created substitutions 
within the TH that do not involve the substrate-interacting residues 
and should not affect seriously the movement and conformation of 
the unfolded TL, but would instead have a specific effect on the 
TL-TH transition (Leu-Thr—Pro-Pro and Gly-Gly—Ala-Ala; 
Fig. 4a). Replacement of Leu-Thr with Pro-Pro (LTPP) should 
completely block TL folding, whereas replacement of Gly-Gly with 
Ala-Ala (GG—>AA) should restrict flexibility of the turn between the 
folded TH and perturb their packing and folding. We purified 
mutant E. coli RNAP enzymes containing these substitutions but 
lacking SI3, a 188-residue insertion that is absent from the T. thermo- 
philus TL. Deletion of SI3 has only modest effects on nucleotide 
addition”*’. We tested the effect of the PP and AA substitutions on 
the rate of CMP addition in TECs directly reconstituted on a DNA/ 
RNA scaffold (see Methods), using a sequence previously found to 
support rapid nucleotide addition (Fig. 4b)*. With wild-type E. coli 
RNAP, we observed rates at saturating, half-maximal and 25 1M CTP 
that were comparable to those reported previously* but too fast for 
kinetic analysis (Fig. 4c and Supplementary Fig. 10). Deletion of SI3 
slowed nucleotide addition to a measurable but still rapid range. 
However, the PP and AA substitutions slowed CMP addition mark- 
edly, with the PP mutant ~10* slower than ASI3 RNAP, even at 
saturating CTP, and the AA mutant ~400 times slower (Fig. 4d). 
However, little difference was seen in the concentration of CTP 
required for half-maximal velocity, suggesting the principal defect 
was in catalysis rather than in substrate binding. Large defects in rates 
of pyrophosphorolysis (Fig. 4d) are consistent with this interpreta- 
tion. The large effects on catalytic rate with minimal effects on sub- 
strate affinity of these substitutions argue strongly for the existence of 
the preinsertion state deduced from our structural analysis. 


Substrate-induced opening of the dwDNA claws 


Superposition of the ttEC and ttEC/AMPcPP structures by the 
dwDNA atoms (root mean squared deviation ~0.2 A) revealed a 
substantial opening of the dwDNA claws that results in the ~4A 
displacement of the B-pincer (whose orientation in the substrate 
complex corresponds well to that observed in the ‘open’ holoenzyme 
structure’), with a concomitant loss of several polar and van der 
Waals interactions with the dwDNA in the substrate-bound complex 
(Supplementary Fig. 11). Because no such opening was observed in 
the ttEC/AMPcPP/Stl complex, we conclude that these alterations 
may arise from changes near the active site that occur on isomeriza- 
tion to the closed, insertion state. Indeed, in both the substrate-free 
and substrate-bound complexes, the N-terminal segment of fork 2 
forms an extensive hydrophobic interface with the B-pincer, suggest- 
ing that its repositioning is a consequence of substrate-dependent 
fork2 movement. Thus, along with TH formation, opening of the 
dwDNA claws seems to be a hallmark of the closed insertion complex. 
The insertion complex remains stable as a result of substrate binding 
despite the increased dwDNA mobility; however, it may become 
prone to translocation after addition of the nucleotide and formation 
of the pre-translocation complex (see below). 
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Nucleotide addition cycle 


We propose the following pathway for the NAC in the multisubunit 
enzymes (Fig. 5). Before NTP loading, the EC exists in equilibrium 
between the pre-translocated and post-translocated states, whose inter- 
conversion is driven by thermal motions. In the pre-translocated EC, 
where the 3’ RNA nucleotide occupies the position taken by the sub- 
strate in the post-translocated EC, the TL>TH transition might have a 
function in the exo-nucleolytic activity of RNAP’ (by promoting clos- 
ure of the active site) or in facilitating translocation (by promoting the 
opening of the dwDNA claws, which probably accompanies TH forma- 
tion). Substrate loading occurs in two steps. First, the NTP binds to the 
open EC to form an inactive, preinsertion intermediate, working as a 
‘ratchet’ that stabilizes the post-translocated EC*® and providing the 
first sieve for substrate selection. Second, on folding of the TL into the 
TH, the NTP is repositioned to form the catalytically competent inser- 
tion complex, in which the active site is closed. The inherent instability 
of the TH, the opening of the dwDNA claws, and the potential com- 
petition between the preinsertion and insertion contacts for the 
substrate triphosphate suggest that the insertion complex may be a 
high-energy state that is more sensitive to the shape or chemical prop- 
erties of the incoming NTP than the preinsertion EC, thereby providing 
the second, finer sieve for substrate selection. The NAC culminates with 
the catalytic reaction, resulting in transcript extension and pyropho- 
sphate release. The loss of the phosphate moieties then destabilizes the 
insertion complex and triggers relaxation to the ground state, which 
may allow transition from the closed, pre-translocated state to an open, 
presumably post-translocated, state* characterized by the unfolded TL 
and closed f-pincer, as observed in the substrate-free eukaryotic”’* and 
bacterial ECs'°. However, this is unlikely to create a ‘power-stroke’-like 
mechanism’ because the structural alterations do not seem to form a 
‘ratchet’ that would stabilize the post-translocated state irreversibly’°, 
and physical measurements” also suggest that translocation is best 
explained by an NTP-biased, brownian-ratchet model. 


Comparison with T7 and eukaryotic RNAPs 


In spite of their drastically different architectures, multisubunit 
bacterial and single-subunit phage ECs use structurally analogous 
strategies to handle the nucleic acids'®. The substrate-bound ttEC 
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Figure 5 | Nucleotide addition cycle. The substrate loading pathway in 
bacterial RNAP. 
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structures revealed additional similarities between these systems. 
First, in both enzyme classes substrate loading occurs in two steps, 
in which the inactive, preinsertion state probably provides quality 
control for the initial substrate before its delivery to the insertion 
state. Second, both systems use preinsertion “gates’ to prevent pre- 
mature substrate alignment in the catalytic centre. Third, both types 
of insertion complex might represent high-energy states used for the 
final selection of the cognate substrate. Last, the structural elements 
that control the transition from open to closed configurations seem 
strikingly similar in both conformation (two anti-parallel «-helices 
called TH and O/O'-helices in the ttEC and T7 EC, respectively) and 
mode of substrate binding (key hydrophobic and basic residues 
located in the N-terminal helices bind to the substrate aligned 
roughly parallel to the helical axes; Supplementary Fig. 12). How- 
ever, these catalytic helices have different functions in substrate load- 
ing. In the T7 EC, the folded O/O’ helices anchor the substrate in the 
preinsertion state, positioning the substrate and acceptor DNA tem- 
plate far from the active site. In contrast, in the preinsertion bacterial 
EC the TH are probably unfolded and bind the substrate only after 
their folding in the insertion complex. Moreover, whereas TH func- 
tion is apparently limited to the proper positioning of the NTP in the 
active site, the O/O’ helices also contain the ‘gate’ residue Tyr 639 and 
an important fidelity determinant, Phe 644 (ref. 31), which is 
involved in the separation of the dwDNA strand. 

Several medium-resolution yeast EC structures bound to the NTP 
substrates and their analogues have been reported**"’. As expected on 
the basis of the significant structural and functional similarity among 
all multisubunit RNAPs, our analysis of the bacterial EC has revealed 
numerous similarities with the yeast structures, including that with a 
proposed preinsertion mechanism of substrate loading’. Nonetheless, 
several key aspects of the bacterial substrate complexes differ from the 
eukaryotic closed EC/NTP complex'*. The most significant differ- 
ences include the dwDNA configuration and contacts, the TL con- 
formations in the closed complexes, and the binding modes/sites for 
the NTP substrate. We think that these discrepancies (analysed in the 
Supplementary Discussion) are due largely to the differences in the 
crystallization conditions and nucleic-acid scaffolds, to difficulties in 
the interpretation of the lower-resolution structural data available for 
the eukaryotic complexes, or both. 

A detailed comparison of the relevant bacterial and eukaryotic struc- 
tures (Supplementary Discussion and Supplementary Figs 13-15) 
argues for the existence of a catalytically inactive preinsertion state 
that may have key functions in all RNAPs. First, the preinsertion sub- 
strate may act as a ratchet to stabilize the post-translocated state. 
Second, the substrate is able to be initially surveyed in (and rejected 
from) the open RNAP configuration. Third, the preinsertion state 
prevents premature catalysis in the open state. Last, stabilization of 
NTP in the preinsertion state might be used as a response to the lesions 
present in the dwDNA (see Supplementary Discussion). The alterna- 
tive template-independent substrate entry site that was observed 
experimentally® cannot have any of these functions. However, the entry 
site may still function not as an alternative but rather as an additional, 
third substrate intermediate en route to the preinsertion state’®. 

Taken together, the structural analysis and the very high conser- 
vation of the active site residues in all kingdoms of life imply that the 
eukaryotic and bacterial RNAPs use the same mechanism of substrate 
loading and catalysis. The rigorous, detailed comparison between the 
molecular mechanisms of bacterial and eukaryotic RNAPs awaits the 
structural explanation of ECs assembled on identical, more natural 
scaffolds for both systems. 


Concluding remarks 

Our conclusion that the isolated TH conformation may require sta- 
bilization through interactions with both the substrates and numer- 
ous adjacent RNAP structural elements has several implications. 
First, all reactions catalysed by RNAP (nucleotide addition, exo- 
nucleolytic and endonucleolytic cleavages, and pyrophosphorolysis) 
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probably require the TL—TH transition if they are to achieve the 
closed, catalytically active state. This implies that the extrinsic factors 
that markedly increase the RNAP intrinsic exonucleolytic (non- 
complementary NTP) and endonucleolytic (Gre factors) activities 
not only donate the missing ligands to the catalytic Mg”* ions”*?** 
but may also interact with the TH (directly or indirectly) to stabilize 
the closed intermediate. Indeed, the eukaryotic counterpart of the 
Gre-factors, TFIIS, interacts with the TL’, and the TL->TH conver- 
sion may be required for the proper positioning of its ‘catalytic acidic 
residues in the RNAP catalytic centre. Second, changes in the geo- 
metry of the RNAP active site that are thought to accompany the 
formation of paused ECs probably involve an alternative TL/TH 
configuration stabilized in part through interactions of the frayed 
3’ RNA nucleotide with the residues in the E-site, which may be 
formed in part by TL/TH residues*™. Third, various auxiliary factors 
might activate long-distance allosteric signals modulating the 
TLOTH switch, thereby conferring a range of regulatory effects. 
Thus, along with the catalytic residues and Mg”~ ions, the dynamic 
TL/TH structure emerges as a central regulatory element in the tran- 
scription complexes. Our observation that the antibiotic Stl blocks 
the closure of the active site and freezes the EC in the inactive state 
without even making direct polar interactions with the TL opens a 
range of opportunities for the design of novel antibiotics targeting the 
TL-TH transition in bacterial RNAPs. 


METHODS SUMMARY 


Crystallization of both complexes was performed under essentially the same con- 
ditions as for the ligand-free EC'®. The structures were refined to a final R-factor/ 
Reece tatio of 0.225/0.257 and 0.234/0.266 for the ttEC/AMPcPP and ttEC/ 
AMPcPP/Stl structures, respectively, at 3.0 A resolution (Supplementary Table 
1). Both nucleotide addition and pyrophosphorolysis reactions were performed 
with ECs reconstituted with E. coli RNAP and nucleic acid scaffolds as described in 
Supplementary Information. For nucleotide addition, kinetic parameters (Vinax 
and NTP, ,;) were determined from reactions over a wide range of substrate con- 
centrations without assumption of any particular reaction mechanism. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Crystallization and data collection. To obtain the crystals of the ttEC/AMPcPP 
and ttEC/AMPcPP/Stl complexes, the ttEC prepared in the same way as described 
previously’? was co-crystallized with AMPcPP (3 mM) or with AMPcPP (3 mM) 
and Stl (3 mM), respectively, under essentially the same crystallization conditions 
(the well solution contained 30% 2-methyl-2,4-pentandiol, 0.1 M sodium caco- 
dylate pH 6.5, 0.2 M magnesium acetate) as the ligand-free ttEC**. The crystal- 
lization trials yielded the crystals of the same size and shape as for the ligand-free 
ttEC that belong to the same P4,2)2 space group. Whereas the crystals of the ttEC/ 
AMPcPP/Stl complex had nearly the same unit cell dimensions (a = b = 155.38 A, 
c= 496.99 A) as those of the ligand-free ttEC, the crystals of the ttEC/AMPcPP 
complex were characterized by a large change in the unit cell parameters 
(a = b = 152.38 A, c= 524.57 A) (Supplementary Table $1). The crystals of both 
complexes were improved and selected for data collection with the same strategy 
as for the ligand-free complex'®. This allowed us finally to select a few well- 
diffracting crystals, from which the high-resolution data were collected at the 
SERCAT beam line (APS, Argonne, USA; Supplementary Table S1). The structure 
determination and refinement were performed with the same approaches and 
procedures as for the ligand-free ttEC’® (Supplementary Table S1). 
Determination of the structures. The ttEC/AMPcPP/Stl crystals were charac- 
terized by essentially the same unit cell parameters as those of the ligand-free 
ttEC. In contrast, the ttEC/AMPcPP crystals consistently demonstrated a marked 
increase (~25 A) in the dimensions of the c axis (Supplementary Table S1). 
Given that all the crystals were obtained under the same conditions, this result 
suggests significant alterations of the enzyme structure induced by substrate 
binding, probably blocked in the presence of Stl, and incompatible with the 
previous crystal form. Indeed, the application of zonal scaling to the ttEC/ 
AMPcPP/Stl data in the P4,2;2 space group yielded an initial R-factor/Réree 
ratio of ~40% that decreased to 38.5% at 3.0 A resolution on domain rigid-body 
refinement, a value very similar to that of the ttEC at the same stage of 
refinement’’. In contrast, the rigid-body refinement did not converge for the 
EC/AMPcPP structure, whereas molecular replacement with the program 
AMORE” revealed a ~7.5° rotation of the entire molecule, giving an initial 
R-factor/Réree of ~42%. The domain rigid-body refinement” further improved 
the R-factor by ~4% (38.2%), indicating more extensive domain rearrangement 
in the AMPcPP-bound EC than in the ttEC/AMPcPP/Stl structure. The twinning 
option of the CNS program” allowed us to improve the ED and the R-factor 
values further (Supplementary Table S1). 

The focal point in both complexes is the active site area, in which local but 
functionally significant alterations may occur on substrate binding. To detect 
these putative alterations and to minimize the model bias, the first base pair of 
the RNA/DNA hybrid (position —1) and the acceptor template nucleotide (nt, 
register i+ 1) were omitted from the model at the initial stages of refinement. 
The first base pair of the dwDNA (register i + 2) was also omitted: if the ‘multi- 
substrate’ hypothesis’ were correct, the substrate would disrupt the (i + 2) base 
pair because the scaffold contained Ts in the template strand at both (i+ 1) and 
(i+ 2). The resulting electron density (ED) map showed clear ED and allowed us 
to model** all the missing portions of the structure, including the (i+ 2) base 
pair'® arguing against the ‘multisubstrate’ model. The refinement converged to 
the final R-factor/Rpee values of 0.225/0.257 and 0.234/0.266 for the ttEC/ 
AMPcPP and ttEC/AMPcPP/Stl structures, respectively (Fig. 1 and Supple- 
mentary Table S1). All structural figures were prepared with the programs 
Molscript, Bobscript and Raster3D°“'. 

Isolation and assay of mutant E. coli RNAPs. Core wild-type and ASI3 RNAPs 
were purified after overexpression from plasmids as described previously**. PP 
and AA mutant RNAPs were obtained by oligonucleotide mutagenesis of 
plasmid pRL662, transfer of a Bsml—Xhol fragment to pRL4455 (ref. 34), and 
purification after overexpression by polyethyleneimine precipitation, Ni? *- 
nitrilotriacetate chromatography and heparin-agarose chromatography. TECs 
were reconstituted as described”, using for Al4 TEC (nucleotide addition assay) 
oligonucleotides 5’-CTCTGAATCTCTTCCAGCACACATTAGGACGTACTG- 
ACC-3' (template DNA), 5'-biotin-GGTCAGTACGTCCATTCGATCTCCC- 
GAAGAGATTCAGAG-3’ (non-template DNA) and 5'-AGGCGAUGUGUG- 
3’ (RNA). The reconstituted TECs were 3’-labelled by incubation with 2 uM 
[ox-*P]ATP (A14) or UTPs (each at 10 pM) and [x-**P]CTP. For elongation 
assays, Al4 TECs were diluted in buffer A (25 mM HEPES-KOH pH 8.0, 130 mM 
KCl, 5mM MgCl, 1 mM dithiothreitol, 0.15 mM EDTA, 25 pg ml! acetylated 
BSA) to 25-50nM TEC, and assayed at various concentrations of CTP at 37 °C 
with a KinTek rapid-quench flow apparatus. The concentration of MgCl, was 
adjusted to maintain Mg** in 5 mM excess of the CTP concentration. Samples 
were quenched by addition of 1 vol. of 2M HCl, immediately neutralized to 
pH 8.0 by addition of the same volume of 3M unbuffered Tris, extracted with 
phenol, precipitated with ethanol, and suspended in formamide loading dye. For 
pyrophosphorolysis assays, U14 TECs were immobilized on streptavidin—agarose 
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beads (Sigma), washed extensively with buffer B (10 mM Tris-HCl pH 7.9, 20 mM 
NaCl, 10 mM MgCh, 14 mM 2-mercaptoethanol, 0.1 mM EDTA), incubated with 
PP; (1 mM) in buffer B for 10 min at 37 °C, and dissociated by heating at 94°C for 
3 min after the addition of an equal volume of saturated urea in 90 mM Tris- 
borate pH 8.3, 50 mM EDTA to halt the reactions. Reaction products were sepa- 
rated electrophoretically on denaturing polyacrylamide gels (7M urea, 17.5% 
acrylamide:bisacrylamide, 19:1), and RNA quantities were determined from 
Phosphorimager scans of the gels. 

Reaction rates (addition of CMP to Al4 ECs and pyrophosphorolysis of U14 
ECs; Fig. 4d and Supplementary Fig. 10) were determined as described® by non- 
linear regression of RNA concentrations against time with errors calculated from 
the standard error of regression and Student’s t distribution at the 95% confid- 
ence level. Apparent Vinax and CTPo.5 values (Fig. 4d) were calculated by non- 
linear regression of the average rate weighted by their respective error estimates 
against CTP concentration assuming a hyperbolic dependence, with error cal- 
culated as described for the rate measurements. 
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Water vapour in the atmosphere of a transiting 


extrasolar planet 


Giovanna Tinetti’**, Alfred Vidal-Madjar’, Mao-Chang Liang*”, Jean-Philippe Beaulieu, Yuk Yung”, 
Sean Carey’, Robert J. Barber’, Jonathan Tennyson’, Ignasi Ribas’, Nicole Allard’, Gilda E. Ballester®, 


David K. Sing®” & Franck Selsis’® 


Water is predicted to be among the most abundant (if not the most 
abundant) molecular species after hydrogen in the atmospheres of 
close-in extrasolar giant planets (‘hot Jupiters’)’*. Several 
attempts have been made to detect water on such planets, but have 
either failed to find compelling evidence for it** or led to claims 
that should be taken with caution’. Here we report an analysis of 
recent observations of the hot Jupiter HD 189733b (ref. 6) taken 
during the transit, when the planet passed in front of its parent 
star. We find that absorption by water vapour is the most likely 
cause of the wavelength-dependent variations in the effective 
radius of the planet at the infrared wavelengths 3.6m, 5.8m 
(both ref. 7) and 8 pm (ref. 8). The larger effective radius observed 
at visible wavelengths’ may arise from either stellar variability or 
the presence of clouds/hazes. We explain the report of a non- 
detection of water on HD 189733b (ref. 4) as being a consequence 
of the nearly isothermal vertical profile of the planet’s atmosphere. 

Water absorbs over a broad wavelength range, covering most of the 
infrared region and part of the visible region, and has a very distinct- 
ive spectral signature. Theoretical models anticipated that it could be 
detected on hot Jupiters by observing these planets during their prim- 
ary transit (when they pass in front of their parent star) and estim- 
ating the effective radius of the planet at multiple wavelengths. 
Variations in this effective radius can be used to characterize the 
transmission spectrum of the planet’s atmosphere’'®"’. This tech- 
nique had been successfully used to probe other atmospheric consti- 
tuents on hot Jupiters'*"'°. Recently water detection was claimed? in 
the atmosphere of the hot Jupiter HD 209458b. Although it is possible 
that the observed variations in the effective radius of the planet in the 
visible/near-infrared (~0.9-1 m)'® are due to the absorption of 
water", the analysis> was based on the very lowest-flux part of the 
spectrum, at the edge of the detector array where the largest syste- 
matic effects occur (figure 3 in ref. 16) and the overall noise is much 
larger. The quoted errors in the effective radius are based on photon 
noise alone, and do not include these systematic uncertainties’®. 
These considerations alone are a good reason for caution. 

Very recently, the planet-to-star radius ratios of another hot 
Jupiter, HD 189733b (ref. 6), were measured in three of the Spitzer 
Space Telescope Infrared Array Camera (IRAC) bands centred at 
3.6 um (ref. 7), 5.8 um (ref. 7) and 8 um (ref. 8). The corresponding 
transit depths, that is, the ratio of the projected area of the planet to 
that of the star, were estimated to be 2.356+0.02% (ref. 7), 
2.436 + 0.02% (ref. 7) and 2.39 + 0.02% (ref. 8). To interpret these 
data, we simulated transmission spectra, which determine the 
effective radius of the planet at different wavelengths, by improving 


upon a previous spectral/planetary model'’. The radiative transfer 
and geometry are unchanged from that model: we use 45 atmo- 
spheric layers to describe the variation with altitude of the temper- 
ature, pressure (from 10bar to ~10 '°bar, corresponding to 
~(4—6) X 10° km altitude, depending on the thermal profile), den- 
sity and mixing ratios. The water volume mixing ratio is about 
5 X 10-4, assuming an elementary C/O ratio equal to the solar value’. 
Studies of the sensitivity of these results to changes of water abun- 
dances are presented. The crucial difference from the previous model 
is the use of a new high-accuracy computed list of water lines, BT2 
(ref. 17). Whereas only about 80,000 water line strengths are known 
experimentally, the BT2 line list contains more than half a billion 
transitions; these extra transitions become increasingly important 
at higher temperatures. As a result, the BT2 opacity at a particular 
wavelength is far more temperature-dependent than might be 
expected from computations using only experimental data. The 
opacities were calculated for the selected spectral band at different 
temperatures from 500 K to 2,000 K, and interpolated for intermedi- 
ate values of the temperature at each atmospheric layer. 

We repeated our simulations with different thermal profiles, 
compatible with three-dimensional climate models of hot Jupiters 
for the day/night sides and morning/evening terminators’*. These 
simulations predict adiabatic profiles colder at the pbar level 
(~500-700 K) and warmer at 1—10bar level (~1,500K) for the 
nightside and the morning/evening terminators; and they predict 
nearly isothermal profiles in the upper (~800-1,000 K) and lower 
part of the atmosphere (~2,000 K) for the dayside. The temperature 
might increase again (~2,000 K) at pressures ~107 °-107 '° bar. This 
increase is consistent with both models and observations of the 
planets in our Solar System and beyond’’. We used photochemical 
models*”’ with updated nitrogen chemistry from the NIST database 
(http://www.nist.gov/srd/chemkin.htm) to estimate the ammonia 
abundance. In general, the predicted ammonia mixing ratios are 
<107’. The ammonia absorption coefficients were estimated using 
HITRAN” data corrected for the higher temperatures. This addi- 
tional absorption by ammonia makes negligible contribution to the 
observed infrared absorptions. CO and CH, also absorb in the spec- 
tral range considered. CO, if present in sufficient abundance to be 
detected’, should show its signature in the 4.5 um IRAC band”, not 
yet used for observations of primary transit. CH, is ruled out both by 
the relative contribution of the observed IRAC bands and by the 
predictions of the photochemical models’. 

In our simulations, sodium and potassium were included with solar 
abundances. The line shapes of these alkali metals were calculated at 
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Figure 1| A comparison of the observations with simulated water 
absorption. In these simulated transmission spectra, the water mixing ratio 
profile is assumed to be constant? and equal to ~5 X 10 +. The observations 
are indicated with black triangles and error bars at 1c, and the coloured 
rhombi and stars indicate the different models integrated over the IRAC 
bands. To match the observations, the planetary radius at 10 bar 
corresponds to a transit depth of 2.28%. Blue trace, colder terminator" 
temperature—pressure profile; orange trace, warmer terminator’; black 
traces, constant temperature at 500 K (solid line) and 2,000 K (dotted line). 
Warmer temperatures increase the atmospheric scale-height (that is, the 
vertical distance over which the pressure decreases by a factor of e), hence the 
atmosphere is optically thick at higher altitudes. This explains the 
differences among the three classes of spectra at wavelengths shorter than 
different temperatures and interpolated for intermediate values*’”*. 
Their spectral contribution becomes important in the visible wave- 
length range (see below). The H2-H) opacity” was interpolated to 
the temperature of each atmospheric layer. As collision-induced 
absorption scales with the square of the pressure, the H2-H) contri- 
bution becomes important for pressures higher than ~1 bar. 

The difference in absorption depths found in the IRAC bands 
centred at 3.6, 5.8 and 8 tm can be explained by the presence of water 
vapour in the atmosphere of HD 189733b. Figure 1 compares our 
calculated water absorption with the observations. The sensitivity of 
our simulations to temperature and water abundance is also consid- 
ered in the figure. The scenarios that match the observations best are 
terminator profiles'*. These profiles (see bold curves in figure 4 in ref. 
18) are in agreement with recent estimates of the hemisphere- 
averaged brightness temperature®. 

We extended our simulations of the transmission spectra from the 
infrared to the visible to check the consistency of the current inter- 
pretation with the observations at shorter wavelengths’. The measure 
of the transit depth in the optical was found to be 2.48 + 0.05% 
(ref. 9), higher than the infrared values. The extra absorption in 
the visible is probably due to the effect of star spots’ and/or the 
presence of optically thick clouds/hazes in the visible wavelength 
range (Fig. 2). We note that large star spots or a condensate/haze 
where the particle size is less than 1 tm may not affect the infrared 
transmission spectrum'®*. This scenario is in agreement with models 
and observations of the planet HD 209458b, which has characteristics 
similar to the planet HD 189733b considered here’®. For HD 
209458b, the transit depth at 24m (ref. 25) does not differ sig- 
nificantly from the visible results. This observational constraint is 
consistent with our simulations for HD 189733b (Fig. 2). Our 
explanation differs from a recent paper that proposes a cloud-free 
atmosphere with rainout and photo-ionization to fit multiband 
photometry measurements of HD 209458b in the optical’. 
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~3.5 um and longer than ~4.5 jim, where the water opacities are far less 
temperature-dependent. The opposite is true for the water opacities in the 
3.54.5 tm wavelength range, which might be orders of magnitude smaller at 
500 K rather than at 2,000 K, so for colder temperature profiles the weaker 
water lines are optically thick at ~10 bar or deeper. An increase/decrease of 
the mixing ratio by a factor of 10 with respect to the standard case considered 
will cause, as a main effect, an increase/decrease of ~0.03—0.04% in the total 
absorption due to water. As a secondary effect, the absorption gradient 
between 3.6 and 5.8 jum gets steeper for lower water mixing ratios, but this 
trend is marginal compared to the role played by temperature. CO, if present 
in sufficient abundance to be detected’, would show its distinctive signature 
in the 4.5—4.9 um spectral range (see ref. 11 for details). This is a spectral 
region than can be observed with IRAC (channel centred at 4.5 jim). 


Finally, we simulated the emission spectra of HD 189733b with the 
same atmospheric constituents but different thermal profiles. These 
synthetic spectra are useful for comparing our analysis of the primary 
transit observations—which indicate the presence of water vapour in 
the atmosphere of HD 189733b—with the most recent secondary 
transit observations of HD 189733b and HD 209458b made with 
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Figure 2 | A comparison of the observations of primary transit with a 
simulated infrared and optical transmission spectrum. The transmission 
spectrum is here modelled from 0.5 to 25 um (grey trace). We assumed a 
water mixing ratio of ~5 X 10 *andacold terminator temperature—pressure 
profile. The observations are indicated with black triangles and error bars at 
lo. Absorptions due to alkali metals and water are unlikely to be the cause of 
the extra absorption observed at visible wavelengths: the mean absorption 
over the 0.5-1 ,um band is significantly less than the measured value. Star 
spots or optically thick condensates/hazes would be a good explanation. 
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Figure 3 | Simulated emission spectra of HD 189733b in the infrared. We 
show here different simulated emission spectra, all generated at the same 
spectral resolution and corresponding to the same atmospheric composition 
but different temperature—pressure (T—P) profiles. Accordingly, we obtain 
very different spectral responses: hot isothermal profile (top, dotted line), 
isothermal profile and a cloud at ~10—100 mbar altitude (bottom, dashed), 
and temperature profile decreasing with altitude (middle, solid). Although 
present and with the same abundances in all the three scenarios, water is 
detectable through emission spectra only in the last case, showing up as a steep 
gradient between ~8 and 10 tm when compared to the 10-14 um region. An 
isothermal profile in the upper part'*”* and a cloud in the lower part of the 
atmosphere is sufficient to explain the non-detection of water* even if water 
were present in high abundance. HD 189733b is presumably tidally locked, 
therefore the thermal profiles and the condensate dynamics might be very 
different on the two sides of the planet. The same reasoning applies to HD 
209458b and the most recent observations in secondary transit of that planet’. 


the Spitzer Infrared Spectrograph (IRS)**, which failed to detect water 
in the infrared emission spectra in the 7.5—-14 um region. Secondary 
transit is another technique to study the characteristics of hot Jupiters’ 
atmospheres. This method involves collecting the photons emitted 
directly by the planet and measuring the brightness of the star plus 
planet system and its progressive dimming when the planet is occulted 
by the parent star**’’. The previous non-detection of water on HD 
189733b (ref. 4) does not contradict the interpretation we present 
here. Secondary transit observations require a significant temperature 
gradient to be sensitive to atmospheric molecules absorbing in the 
infrared, but strong circulation on hot Jupiters can flatten the dayside 
temperature gradient**. This phenomenon is illustrated in a classic 
paper’ that gives the first portrait of the Earth in the thermal infrared 
from space: despite the fact that CO, is nearly uniform in the atmo- 
sphere, the 667 cm” ' CO, feature is prominent in the tropics, where 
the thermal gradient between the surface and the upper atmosphere is 
large (~100 K), but it is hardly detectable in polar observations, where 
stratospheric and surface temperatures are nearly the same™. A simple 
model of HD 189733b infrared emission spectra illustrating this effect 
is given in Fig. 3. We note a recent different explanation’’: the incon- 
sistency of the spectral data for HD 189733b obtained with IRS* with 
the 8 pm photometry obtained with IRAC* may indicate that the IRS 
spectra from 7.5 to 10 um are not completely reliable. 

Our result provides the first detection of a molecular species in an 
exoplanet atmosphere in the infrared. Although the detection of water 
is secure, more observations at multiple wavelengths are needed to 
constrain its abundance. Moreover, the IRAC band centred at 4.5 um 
could constrain the presence of CO on HD 189733b, and indirectly the 
C/O ratio". Additional observations in secondary transit in the infra- 
red will help to refine the thermal profiles, and give more information 
on the presence of condensates/hazes and their variability with time 
on the dayside. Analogous observations are desirable for other hot 
Jupiters to start comparative planetology for this class of objects. 
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Compositional homogeneity in the fragmented comet 
73P/Schwassmann-Wachmann 3 


N. Dello Russo’, R. J. Vervack Jr’, H. A. Weaver’, N. Biver”, D. Bockelée-Morvan/’, J. Crovisier* & C. M. Lisse! 


The remarkable compositional diversity of volatile ices within 
comets” can plausibly be attributed to several factors, including 
differences in the chemical, thermal and radiation environments 
in comet-forming regions, chemical evolution during their long 
storage in reservoirs far from the Sun’, and thermal processing by 
the Sun after removal from these reservoirs. To determine the 
relevance of these factors, measurements of the chemistry as a 
function of depth in cometary nuclei are critical. Fragmenting 
comets expose formerly buried material, but observational con- 
straints have in the past limited the ability to assess the importance 
of formative conditions and the effects of evolutionary processes on 
measured composition® *. Here we report the chemical composi- 
tion of two distinct fragments of 73P/Schwassmann—Wachmann 
3. The fragments are remarkably similar in composition, in 
marked contrast to the chemical diversity within the overall comet 
population and contrary to the expectation that short-period 
comets should show strong compositional variation with depth 
in the nucleus owing to evolutionary processing from numerous 
close passages to the Sun. Comet 73P/Schwassmann—Wachmann 
3 is also depleted in the most volatile ices compared to other 
comets, suggesting that the depleted carbon-chain chemistry seen 
in some comets from the Kuiper belt reservoir is primordial and 
not evolutionary’. 

Comet 73P/Schwassmann—Wachmann 3 (hereafter 73P) is a 
Jupiter-family comet that probably originated in the Kuiper belt, 
on the basis of the short period (5.34yr) and low inclination 
(11.4°) of its orbit. Narrowband photometric observations during 
the 1990 and 2006 apparitions demonstrated that 73P is depleted in 
C, relative to CN and OH (refs 9, 10), placing it in the ‘carbon-chain 
depleted’ class of comets’. During its 1995 apparition, the comet split 
into at least five fragments’’, increasing the overall gas production 
rate by more than an order of magnitude from the previous appari- 
tion’*. Observations obtained during the 2006 apparition confirm 
the disintegration of 73P: 68 named fragments were identified, and 
at least two of the larger fragments were shedding boulder-sized 
pieces’’. Radar observations confirm that the largest fragments (C 
and B) are of significant size (hundreds of metres in diameter)", 
strongly suggesting that material from different depths (including 
the deep interior of 73P) is exposed on the surfaces of these bodies. 

Jupiter-family comets, although essential for creating a complete 
chemical taxonomy of comets, are generally too faint for detailed 
spectroscopic analysis. Thus, they are underrepresented in current 
surveys, both in number of comets and in detected parent volatiles 
(species released directly from ices in the nucleus and not products of 
chemistry in the coma), relative to long-period comets. 73P made a 
very close approach to Earth in 2006 (Supplementary Table S1), 
allowing the parent volatile inventory of individual pieces of a frag- 
menting comet to be determined with unprecedented detail, and 


providing a sensitive test for chemical heterogeneity within a comet 
nucleus. 

We measured the volatile composition of the B and C fragments of 
comet 73P using the Cryogenic Echelle Spectrometer (CSHELL) at 
the NASA Infrared Telescope Facility’* (IRTF) and the Near-Infrared 
Spectrometer (NIRSPEC) at the Keck II telescope’® on Mauna Kea, 
Hawaii (Supplementary Table S1). Spectra were acquired between 
wavelengths (4) of 2.8 and 4.7 lm at a spectral resolving power suf- 
ficient to detect the diagnostic rotational-vibrational lines of parent 
volatiles in the coma (A/A/ ~ 25,000). Details of our observing strat- 
egy and data processing for both CSHELL and NIRSPEC observa- 
tions have been given elsewhere'”'*. Sample spectra, with the best-fit 
atmospheric models superimposed, are shown in Fig. 1 (see also 
Supplementary Figs S1 and 82). 

In order to obtain quantitative information from flux-calibrated 
spectra, the temperature-dependent fluorescence efficiencies (g- 
factors) for individual rotational-vibrational lines are needed. 
Fluorescence models have been developed for all sampled parent 
volatiles'’*' (see also Supplementary Information). The measure- 
ment of multiple lines with a wide range of ground-state rotational 
energies enabled the use of these models to determine rotational 
temperatures for some species (Table 1, Supplementary Fig. S3) using 
established methodologies’; otherwise, a reasonable rotational 
temperature was adopted (Table 1). A sufficient number of both ortho 
and para H,O lines were detected to determine ortho-to-para ratios 
(OPRs) and associated nuclear spin temperatures for both fragments 
on UT 2006 May 14 and 15. The significance of OPRs is still uncertain, 
but they may preserve information about conditions in comet- 
forming regions in the early solar nebula (Supplementary Infor- 
mation). Measurements on both fragments are consistent with the 
high-temperature statistical equilibrium value of OPR = 3 and spin 
temperatures greater than 42 and 37 K for 73P-B and 73P-C, respect- 
ively (Table 1; see also Supplementary Information). 

Integrated column densities for individual lines were extracted 
using g-factors determined at the measured or adopted rotational 
temperatures and OPRs, allowing the determination of molecular 
production rates and relative abundances in 73P-B and 73P-C 
(Table 1). As might be expected for a fragmenting comet, significant 
day-to-day variation in absolute production rates was observed, 
especially for 73P-B. Despite these daily fluctuations in absolute pro- 
duction rates, relative abundances within each fragment remained 
consistent (Table 1, Fig. 2a). Furthermore, the relative abundances 
between fragments B and C are remarkably similar to each other 
when compared to the diversity in chemistry within the overall comet 
population (Fig. 2b). Given that we are sampling the interior of a 
recently disrupted comet", in which layers of increasing depth within 
the original intact nucleus have been revealed, these results provide 
strong evidence that the nucleus of 73P is chemically homogeneous 
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and that its composition primarily reflects formative conditions and 
not evolutionary processing. 

Earlier infrared observations of 73P acquired in April 2006 
reported detections of H,O in the B and C fragments, and HCN, 
C,H. and C,H), in the C fragment*. Relative abundances in the C 
fragment from that work agree with those reported here except for 
C,H). This species was claimed to be several times more abundant 
than measured upper limits from the present work, and in the normal 
range of abundances found in the overall comet population*—a sur- 
prising result, considering that multiple measurements have shown a 
consistent C2 depletion in 73P (refs 9, 10). This earlier result might 
suggest chemical heterogeneity in the nucleus of 73P; however, we 
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homogeneous and primitive composition of 73P is representative 
of all comets. Molecular abundances, presumably from the interior 
of comet nuclei, have been determined for several fragmenting 
comets (Supplementary Information). In the case of comet C/2001 
A2 (LINEAR), evidence suggests chemical heterogeneity within the 
nucleus’, whereas no conclusive evidence for heterogeneity has been 
found in other fragmenting comets*®. Given that 73P and C/2001 
A2 (LINEAR) are compositionally different? and are members of 


Table 1| Volatile production rates, abundances, rotational temperatures 
and OPRs in 73P 


regard the detection as unconvincing owing to the relatively low  P*"""* ae a a a Tene ae . aoe 
quality of the data and the marginal nature of the reported C,H, 
dsiactton ( Sanmleneutiy lak a 8 73P/Schwassmann-Wachmann 3-B 
PP y BORMAN OM) 2 H20 9.5 20 3.0 >50 3,483 + 290 
We note that the diversity of formative conditions and proces- 350 145-146 nots 3.2403 >42 1,208 + 88 
sing histories experienced by comets makes it unlikely that the H,0 5.6 9gt+4 3.2403 >42 502 + 29 
co 9.5 00 <67 (30) <19 (3a) 
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HCN 4.6 87+ 3.37+0.34 0.279+0.019 
8 HCN 5.6 133 144+0.14 0.287 + 0.015 
CoH, 94 00 474+0.54 0.136+0.019 
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Figure 1| NIRSPEC spectra of the B and C fragments of comet 73P/ CoH> 45 77 0.35£0.14t 0.049 + 0.020 
Schwassmann-Wachmann 3. Selected high-resolution (A/A/ ~ 25,000) CoH> 5.6 88 <0.36 (3c) <0.033 (3c) 


spectra showing the detection of several species: *H,O, tHCN, tOH, 
?unidentified. Spectra are co-added over 3 spectral X 9 spatial pixel extracts 
(0.43” X 1.74”) centred on the peak of the dust continuum. Solid green 
traces, 73P-B spectra; solid blue traces, 73P-C spectra; and dashed black 
traces, best-fit synthetic atmospheric models. Molecular lines from the 
comet are shown as emissions in the comet spectra above the atmospheric 
model. The 1c noise level is ~1 X 10 1? Wm 72(cm_!)! in the spectra. 
Spectral coverage is given in both jum (top) and cm (bottom). a, 73P-B on 
UT May 14.6, showing detections of HCN, H,O and OH (48 min on-source). 
C,H, emission lines are sampled but are absent in the spectrum. b, 73P-C on 
UT May 15.6, covering the same spectral region as a (32 min on-source). 
Clear detections of HCN, H,O and OH are seen, but as in a, C,H, emissions 
are absent. The dotted vertical lines near 3,304cm ‘ denote the expected 
position of the strongest unblended C,H, line (v3 R3) in both frames. Spectra 
of the B and C fragments are very much alike (much more similar to each 
other than to spectra of other sampled comets), and suggest a homogeneous 
volatile composition for the original intact nucleus of 73P. See also 
Supplementary Fig. S1. 


* Calculated rotational temperatures (T,ot), ortho-to-para ratios (OPRs), production rates and 
abundances are listed with error values (+ 1s.e.m.), which incorporate photon noise, calibration 
uncertainties, and line-by-line deviations between the data and fluorescence models. Values for 
absolute production rates are sensitive to model assumptions and observing circumstances that 
are difficult to quantify, including deviations from the spherically symmetric, uniform outflow 
velocity coma model, errors in the assumed outflow velocity, calibration uncertainties within a 
setting, uncertainties due to slit losses, temporal variability, and the possible release of volatiles 
outside our aperture. Therefore, the error bars on absolute abundances may be underestimated. 
Relative abundances are less sensitive to these factors because most of these species are 
detected simultaneously within the same grating setting as H2O (Supplementary Table S1), 
thereby eliminating most sources of systematic error. T,.¢ and OPR entries with no error bars are 
adopted values. Rotational temperatures and OPRs were determined within a 3 spectral x 9 
spatial pixel (0.43” 1.74”) extract centred on the nucleus. 
+ Nuclear spin temperatures (T.,in) for water are based on calculated OPRs. 

+ Production rates and relative abundances were determined on the basis of positive flux of less 
than 3 using available unblended lines. A positive flux was measured over the two available and 
apparently unblended v3 C3H> lines in both fragments on 14 May. Additional CHz lines are 
sampled in this spectral region, but many fall in regions of poor atmospheric transmittance or 
are probably blended with other species. In addition, coadding weak lines in a spectral region 
with many emissions (Fig. 1) increases the chance for contamination from unknown or 
unaccounted for species. Therefore, these ‘detections’ are not considered firm and are regarded 
as upper limits. Sample line fluxes and g-factors are given in Supplementary Table S2. 
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different dynamical classes, it would not be surprising if their nuclei 
were structurally dissimilar (homogeneous versus heterogeneous). 
However, we note that previous measurements of fragmented comets 
lacked either the sensitivity or the simultaneity of the 73P observa- 
tions, making interpretation in the same context as the 73P data diffi- 
cult (Supplementary Information). The extraordinarily favourable 
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Figure 2 | Relative abundances of detected species in 73P/ 
Schwassmann-Wachmann 3 and comparison to other comets. a, Relative 
abundances for all measured species in 73P/Schwassmann—Wachmann 3. 
Measurements by date in both fragments B and C are plotted with +1 s.e.m 
error bars (see also Table 1). 30 upper limits are given by downward arrows. 
This illustrates that relative abundances are similar from day to day and 
between fragments. b, A comparison of relative volatile abundances in 73P-B 
and 73P-C, with other comets. The range of measured abundances from the 
overall comet population (excepting C/1999 $4 (LINEAR)) is denoted by 
“Sampled comets””’. Abundances for C/1999 $4 (LINEAR) are also plotted”. 
Relative abundances in 73P represent a weighted average of abundances 
determined on the dates measured with +1 s.e.m error bars. For species that 
were not detected, the 3¢ upper limits are given by downward arrows and 
represent the most constraining values. For C,H:, the tentative detections 
from uT May 14.6 are plotted (see Supplementary Information). We note 
that comparisons of H,CO (and to a lesser extent CO) in 73P to other comets 
are complicated by the possible presence of extended sources (see 
Supplementary Information). This figure illustrates that relative 
abundances in 73P (with the exception of HCN) resemble those in C/1999 $4 
(LINEAR) and are depleted relative to the range of values observed for the 
general comet population. We note that 73P and C/1999 S4 (LINEAR) are 
compositionally similar, even though they are from different dynamical 
classes and probably formed in different nebular regions, further illustrating 
the difficulties in relating comet chemistry to nebular formation region. 


174 


NATURE|Vol 448|12 July 2007 


2006 apparition of 73P was unique in that multiple parent volatiles 
were detected or constrained in two distinct fragments nearly simul- 
taneously with high sensitivity. 

Sampling the interior of the Jupiter-family comet 9P/Tempel 1 
(hereafter 9P) was a primary goal of the Deep Impact mission”’, so 
a comparison with 73P, also probably from the Kuiper belt reservoir, 
is desirable. Spacecraft and ground-based analyses of the pre-impact 
coma and the post-impact volatile ejecta may suggest a hetero- 
geneous composition for 9P (refs 22, 23). Whether the heterogeneity 
in 9P is due to the accretion of chemically diverse material in the 
formation epoch or to evolutionary processing with depth is unclear 
(Supplementary Information). We note that the volatile chemistries 
of these comets are different; 73P is classified as carbon-chain 
depleted, whereas 9P is in the carbon-chain normal class (although 
on the depleted end of normal)’. This suggests that 73P and 9P 
experienced different formative conditions or processing histories 
(or both), despite probably originating from the same reservoir. 

Our results also show that in addition to a homogeneous com- 
position, both 73P-B and 73P-C are depleted in all measured volatile 
species with respect to HO, except for HCN (Table 1, Fig. 2, Sup- 
plementary Information). Depletion of volatile ices in 73P could 
indicate that its composition has thermally evolved, even in the deep 
interior of its nucleus, during numerous perihelion passages; how- 
ever, modelling studies suggest that thermal processing affects only 
the outer layers of the nucleus and not the deep interior”. Thermal 
processing alone also cannot explain why the ratio of CH;0H to 
HCN, species with similar volatilities, is about a factor of ten depleted 
in 73P compared to what is typically seen in comets (Fig. 2b)”’. 

Kuiper belt comets with depleted volatile abundances are com- 
mon, as more than half of Jupiter-family comets measured with 
narrowband photometry are in the depleted carbon-chain class’. In 
contrast, a significantly smaller fraction (about 20%) of comets 
depleted in organic volatiles and carbon-chain species have been 
observed in the long-period Oort cloud population'”. It has been 
suggested that these differences are independent of dynamical age, 
and thus reflect primitive comet chemistry’. If so, this suggests that 
Kuiper belt comets formed from source material that was more vol- 
atile-poor, on average, than material that accreted into Oort cloud 
comets. This is counterintuitive, because a colder formation region 
(the Kuiper belt for Jupiter-family comets versus the giant planets’ 
region for Oort cloud comets) should lead to a higher concentration 
of the most volatile species in the ices that accreted to form Kuiper 
belt comets. The distinction between different nebular formation 
regions, however, is blurred by significant turbulent mixing of mate- 
rials from the inner and outer solar nebula***’, as well as by the 
migration of the giant planets”. If the nebula lifetime was long com- 
pared to the time required to accrete comets, the timing of comet 
formation may rival (or even surpass) the importance of formation 
region in determining the chemical inventory and structure of come- 
tary nuclei”. 

The measured composition of parent volatiles from the deep inter- 
ior of 73P is consistent with the idea that the depleted carbon-chain 
chemistry measured in at least some Jupiter-family comets is prim- 
ordial. However, results suggesting a heterogeneous composition for 
9P may indicate that this is not the case for all Jupiter-family comets, 
and illustrate the difficulty of relating measured comet chemistry to 
nebular formation region. Whether the timing of comet formation or 
another as yet unidentified effect primarily causes these differences 
remains to be seen. 
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High-resolution spectroscopy of two-dimensional 


electron systems 


O. E. Dial’, R. C. Ashoori!, L. N. Pfeiffer? & K. W. West? 


Spectroscopic methods involving the sudden injection or ejection 
of electrons in materials are a powerful probe of electronic struc- 
ture and interactions’. These techniques, such as photoemission 
and tunnelling, yield measurements of the ‘single-particle’ density 
of states spectrum of a system’. This density of states is propor- 
tional to the probability of successfully injecting or ejecting an 
electron in these experiments. It is equal to the number of elec- 
tronic states in the system able to accept an injected electron as a 
function of its energy, and is among the most fundamental and 
directly calculable quantities in theories of highly interacting sys- 
tems’. However, the two-dimensional electron system (2DES), 
host to remarkable correlated electron states such as the fractional 
quantum Hall effect*, has proved difficult to probe spectroscopi- 
cally. Here we present an improved version of time-domain capa- 
citance spectroscopy’ that allows us to measure the single-particle 
density of states of a 2DES with unprecedented fidelity and reso- 
lution. Using the method, we perform measurements of a cold 
2DES, providing direct measurements of interesting correlated 
electronic effects at energies that are difficult to reach with other 
techniques; these effects include the single-particle exchange- 
enhanced spin gap*, single-particle lifetimes’ in the quantum 
Hall system, and exchange splitting of Landau levels not at the 
Fermi surface. 

Spectroscopy of the 2DES has been performed optically and 
using electron tunnelling. Traditional optical methods probe long- 
wavelength collective excitations rather than the single-particle den- 
sity of states (SPDOS)*. Attempts to measure the SPDOS optically 
have relied on the introduction of local impurities, altering the mea- 
sured spectrum’. Approaches based on tunnelling spectroscopy have 
been hampered by several difficulties'°'*. Typically, the tunnel cur- 
rent enters the 2DES perpendicularly to the plane through a tunnel 
barrier. In steady-state measurements, maintenance of this current 
requires it to have a path to exit the 2DES. The current can either flow 
in the plane of the 2DES to a distant contact, or it can tunnel out 
perpendicularly from the other side of the plane. However, if the in- 
plane conductivity of the device is small (as frequently occurs in 
quantum Hall systems), the current cannot flow out through the 
plane of the 2DES. Ifthe current tunnels out perpendicularly through 
a second barrier, the two barriers form a resistive divider and varia- 
tions in the tunnel current alter the 2D density and tunnel voltage. 
Finally, ohmic heating limits the useful range of both these tech- 
niques to small tunnel voltages. 

Time-domain capacitance spectroscopy (TDCS) eliminates all of 
the major problems associated with 2D tunnelling spectroscopy by 
abandoning steady-state measurement. In TDCS, we replace the 
ohmic contact to the 2DES with a distant, electrically isolated elec- 
trode parallel to the plane of the 2DES. We capacitively apply the 
tunnel voltage using the isolated electrode, and then capacitively 
detect the tunnelled electrons rather than removing them through 


a second contact or barrier. Because the electron does not need to 
move in the plane of the 2DES to be detected, we can measure the 
SPDOS even when the 2DES is insulating or empty. Although this 
capacitive coupling requires us to use a pulsed a.c. measurement to 
extract current-voltage (I-V) characteristics, it also allows us to use 
very short duty cycles (typically 0.01%) to minimize heating. 

In our measurements, the 2DES is sandwiched between two elec- 
trodes of a ‘tunnel capacitor’ created from a GaAs heterostructure 
(Fig. 1a, b). The tunnelling electrode, used as a source for injected 
electrons, is separated from the 2DES by a thin Alp.33Gao.¢7As tunnel- 
ling barrier. The isolated electrode, used to apply voltages and detect 
charges, is separated from the 2DES by a thicker, insulating barrier. To 
minimize scattering, there is no intentional doping in either barrier. 
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Figure 1| Time-domain capacitance spectroscopy. a, GaAs heterostructure 
used to construct the tunnel capacitor. The only ohmic contacts are to the 
top and bottom three-dimensional doped regions, used as electrodes. b, Band 
structure of the tunnel capacitor with an applied d.c. bias Vp¢ in the instant 
after a pulse of height Vp is applied across it, showing the well defined voltage 
V between the tunnelling electrode and 2DES, and the tunnel current (I). 
c, Simplified diagram of circuitry used to perform the measurement, 
including a standard capacitor C,,q used with a pulse of opposite polarity 
Vpalance to remove the large charge step from the background geometric 
capacitance of the structure and a resistor R,;,, used to maintain the d.c. 
voltage across the sample. d, Measured charge traces, taken with a long pulse 
for illustrative purposes, showing the charge response averaged over 250,000 
repetitions. The slope of this curve immediately after the pulse is applied 
(blue line) gives the tunnel current. e, I-V characteristic for tunnelling into 
the 2DES constructed by combining data from ~200 different applied pulse 
heights. f, SPDOS spectrum attained by multiplying e by a smooth matrix 
element correction and differentiating. 
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The 2D electron density is controlled from 0 up to 4 X 10''cm™~* by 
varying the d.c. voltage applied across the electrodes. 

To perform our measurement, we apply a sudden voltage step Vp 
(<I ns rise time), disequilibrating the tunnelling electrode from the 
2DES. In the absence of bridge compensation, charging the geometric 
capacitance (~10 pF) between the electrodes would generate a large 
charge step at the detector. We remove this step by applying a pulse of 
opposite polarity to a standard capacitor Cy.q connected to the iso- 
lated electrode (Fig. 1c). As electrons tunnel across the barrier, we 
measure a long slow rise in the total charge on the isolated electrode 
due to their image charge. Because electrons tunnel only a short 
distance into the tunnel capacitor to reach the 2DES, this charging 
signal is much smaller (<33%) than the uncompensated initial 
charge step. The charging signal is measured using a cryogenic amp- 
lifier and massive (250,000) repetitive signal averaging. We fit the 
derivative of this signal as a function of time to determine the tun- 
nelling current (Fig. 1d). In the first instant after the step, the voltage 
V between the 2DES and the tunnelling electrode is precisely Vp 
multiplied by an easily calibrated geometric lever-arm (defined as 
the ratio of the distance between the 2DES and the tunnelling elec- 
trode to the distance between the isolated electrode and the tunnel- 
ling electrode). This, together with the measured tunnelling current, 
gives us a single point on an -V curve; varying the pulse amplitude 
traces out the entire curve (Fig. le). 

With continuous application of the pulsed voltage, the 2DES and 
electrode would re-equilibrate in a few milliseconds. However, we 
use only the first ~100ns of the step to determine the current, 
before the voltage across the tunnel barrier has relaxed significantly. 
This short time interval means that little charge is transferred, so 
electrons are tunnelling into and out of cold electronic systems. 
After this brief measurement window has elapsed, the voltage step 
is removed in preparation for the next pulse, and the system is 
allowed to re-equilibrate. 

Improving on our prior work’, with precise control over the shape 
of the applied pulses, we are now able to reduce the systematic and 
random errors in this LV curve enough to numerically differentiate 
it (Fig. 1f), giving dJ/dV, a quantity proportional to the SPDOS 
multiplied by a slowly varying tunnelling matrix element (see 
Supplementary Information). Although the energy resolution is fun- 
damentally limited only by temperature (see below), the colour-scale 
plots are taken with lower resolution to reduce acquisition time. 

Figure 2 shows typical plots of the SPDOS as a function of energy 
and Landau level filling fraction v. We extract the value of the geo- 
metric lever-arm by measuring the known cyclotron splitting of the 
empty well. We estimate the maximum error that accrues in the 
energy calibration (the error in the y axis) as we move away from 
zero density and energy to be about 1%, predominantly due to vari- 
ation of the lever-arm from polarization of the 2DES and depletion of 
the electrodes. From left to right within each plot, the quantum well 
starts fully depleted, with Landau levels visible above the Fermi 
energy (E> 0). As the well begins to fill, a magnetic-field-induced 
Coulomb gap*’*’, appearing as a dark band across E= 0 in each 
plot, opens at the Fermi surface. Each Landau level is pinned by its 
high density of states as it crosses the Fermi energy. This results in a 
stair-step pattern of successive flat pinned regions followed by down- 
ward steps corresponding to chemical potential jumps as the next 
Landau level is pulled down to the Fermi energy"®. 

Exchange-enhanced spin-splitting is visible as splitting of the 
Landau levels as they cross the Fermi surface. At even-integer filling, 
there is no net spin polarization, causing the exchange gap to vanish. 
As the density is raised, one spin state of the orbital Landau level 
begins to fill, and the attractive exchange interaction creates a gap to 
the other spin state of the orbital level that grows until it saturates 
with one completely filled spin state at odd-integer v. The gap shrinks 
again as the upper spin state is filled and pulled down in energy to 
meet the lower spin state. This gives rise to the ‘oscillatory g-factor’ in 
quantum Hall systems® and, together with the pinning of the spin 
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state being filled to the Fermi energy, creates a distinctive pattern as 
each Landau level crosses the Fermi surface. 

We measure the spin-splittings F; at odd-integer filling by fitting 
the peaks in constant v line-cuts of the spectra to lorentzians, and 
develop an empirical formula for describing the splittings. The results 
are shown in Fig. 3a. Varying density at fixed values of the magnetic 
field B, we find that the spin gaps diminish with a 1/./v dependence 
(Fig. 3b). To compare the B dependence of splittings at different v, 
Fig. 3c shows the splittings multiplied by /v as a function of B. The 
data cleanly collapse onto a single line, revealing a linear dependence 
on B. The splittings are well characterized by E; = 1.2 + 0.03B/V/v, 
where we have forced the fit through the origin. 

No previous experiment has directly measured the single-particle 
exchange gap that arises in the sudden introduction of a single elec- 
tron. However, an exchange-enhanced gap is also present in the 
‘thermodynamic’ density of states often measured using capacitance 
measurements. These measurements monitor the change in the 2DES 
chemical potential long after adding electrons to the system, allowing 
time for correlations to form’”. 

Nonetheless, a linear dependence on B has also been seen both in 
capacitance measurements of the gap in the thermodynamic density 
of states'* and in thermally activated measurements of the transport 
gap'’. However, the measured values of E; are roughly a factor of 4 or 
2 smaller than our measurements, respectively. In contrast with our 
results, thermal activation experiments find no v dependence at fixed 
field!?°, 
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Figure 2 | Single-particle density of states spectra. The spectra are taken at 
fixed magnetic fields of 2T (a) and 4T (b), with an energy resolution of 
170 eV and taken at approximately 100 mK. Each bright peak corresponds 
to a Landau level. The vertical (y) axis is the tunnelling energy measured with 
respect to the Fermi energy. Energies greater than zero correspond to 
injecting electrons into empty states in the quantum well, whereas energies 
less than zero correspond to ejecting electrons from filled states. A smooth 
approximate correction for variation of the tunnelling matrix element has 
been applied (see Supplementary Information), resulting in a dark band in 
the top-right corner of each plot. The horizontal (x) axis is filling fraction v 
(proportional to electron density at fixed magnetic field). The applied d.c. 
gate voltage is transformed to v through a.c. capacitance measurements’. 
Dashed blue ellipses in a mark exchange-enhanced spin splittings, while 
dashed yellow ellipses mark some of the indirect exchange splittings. The 
blue dashed shape in b shows the expected behaviour of the Landau levels as 
they cross the Fermi energy. 
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In the absence of Landau level mixing, the exchange-enhanced 
spin-gap at the Fermi energy, , is calculated*!* to grow as VB at 
fixed v and to be largest at v = 1 compared with other odd-integer 
fillings. However, we expect that mixing is important; for B< 6.5 T, 
the exchange energy scale e”/él, is greater than the cyclotron splitting 
h@,, and level repulsion from nearby Landau levels should limit the 
exchange splitting to approximately hw,. Here, e is the electron 
charge, ¢ is the dielectric constant, |, is the magnetic length 
Vh/eB, «, is the cyclotron frequency eB/m*, and m* is the electron 
effective mass. The linear dependence of E; on B has been found in 
structure-specific calculations”. More recent theory, providing 
results only at v= 1, predicts a splitting, linear with B, roughly 
30% smaller than our value**. No theory predicts the observed 
B/\/v dependence. 

We also observe the indirect exchange splitting of Landau levels 
above and below the Fermi surface by spin-polarized Landau levels at 
the Fermi surface (dashed yellow ovals in Fig. 2a). Calculations of the 
exchange matrix element*' between different orbital Landau levels 
indicate that because of smaller wavefunction overlap, at any given 
density this indirect splitting should be smaller than the exchange- 
enhanced spin gap at the Fermi energy (neglecting Landau level 
mixing). Although we find that this is sometimes correct, the most 
deeply buried orbital Landau level, N= 0, is consistently split more 
than any other level in the spectrum. This level is unique in that there 
is no deeper Landau level available for level mixing, so there is no level 
repulsion to limit the exchange spitting on the lower energy side. We 
suggest that level mixing generally reduces these indirect exchange 
splittings just as it reduces the splitting at the Fermi surface, but in the 
case of N= 0 the absence of lower energy Landau levels allows the 
splitting to grow larger. 

The most remarkable aspect of this observation is that the split 
Landau levels are at energies several hundred times the thermal 
energy, yet their splitting reflects the relatively delicate exchange 
splitting at the Fermi surface. This demonstrates that the high energy 
features in the spectra depend on properties of the many-body system 
only present at low temperatures. The high energy spectra constitute 
a previously unexplored probe of the highly correlated many-body 
ground state. 

The lineshapes of Landau levels away from the Fermi energy pro- 
vide a window into the effects of electron—electron interactions. We 
find that the lineshape at fields of 1 T or less fits well to lorentzians 


c 7 


o>) 


a 


nN 


2345 67 8 


wo 


ine} 


Exchange splitting x v1/2 (meV) 


= 


Oo 1 


2845 67 8 
Filling fraction, v 


B (1) 


Figure 3 | Exchange-enhanced spin splitting at the Fermi energy. a, The 
unscaled exchange-enhanced spin gap as a function of odd-integer v and 
field. b, v_‘/? dependence (solid curve) shown by scaling the splitting as a 
function of v by 1/B. ¢, E; scaled by \/v, showing the proportionality of E; to 
B/\/v. The Landau levels are fitted by a superposition of lorentzians to 
extract the splittings. Error bars show the standard deviation of the exchange 
splitting, as determined by the variation of the fit residuals. 


178 


NATURE| Vol 448|12 July 2007 


(Fig. 4a, bottom left). With a nearly empty quantum well, sharp 
Landau levels are observed at any energy (blue box in Fig. 4a). As 
the 2DES is filled, the levels far from the Fermi surface suddenly 
broaden and disappear. In an occupied 2DES, the injected electron 
can scatter off electrons already present in the Fermi sea. The phase 
space available for this scattering grows rapidly as the injection 
energy moves away from the Fermi energy. At large energies, the 
short lifetime due to electron—electron scattering becomes the dom- 
inant source of broadening. By comparison, at low energies we find 
maxima in the peak width at even-integer v and minima at odd- 
integer v. Here, disorder is the chief source of broadening. As 
observed, this disorder-induced broadening should display maxima 
at even-integer v, where the density of states of the 2DES at the Fermi 
level is small and the 2DES screens poorly. It shows minima else- 
where, where the density of states is high and the 2DES screens 
disorder well. 

In the case of a disorder-free 2DES, the electron lifetime t,.. has 
been calculated at zero field by Chaplik’ (see Supplementary Infor- 
mation). At small magnetic fields such that the cyclotron energy is 
small compared to the Coulomb interaction energy, we expect this 
result to hold. Fitting the widths of the Landau levels to lorentzians 
gives us an irregularly spaced mesh of broadenings as a function of 
energy and density. In order to simplify comparisons, we fit a smooth 
function through the observed width of the Landau levels at each 
density, and plot contours of constant broadening (Fig. 4b). At high 
energies and away from even-integer v, we see good agreement with 
Chaplik’s result over a broad range of densities with no adjustable 
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Figure 4 | Quasiparticle lifetimes. a, TDCS spectra at 1 T. At low densities 
all Landau levels in the spectrum are resolved (blue box at top left), while at 
higher densities the short lifetime due to electron—electron interactions 
broadens the Landau levels farthest from the Fermi surface until they are not 
resolved. A line cut taken through the red line in the main plot (approximate 
centre) with temperature-limited resolution and fitted by a superposition of 
two lorentzians is shown superposed at bottom left. The Coulomb gap is 
highlighted in yellow in this line cut. Deviations of the fit at large negative 
energies (left) are from the tail of the N = 0 Landau level, not included in the 
fit. b, Solid lines, contours of constant Landau level half-width at half- 
maximum, as obtained by fitting the peaks in a with lorentzians and 
interpolating between peaks with a fourth-order polynomial. We equate this 
level width 7 with a lifetime t using = h/t. Dashed lines, fi/t,, from 
Chaplik’s result’ with no adjustable parameters or scaling (see 
Supplementary Information). 
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parameters; this is the region where disorder broadening is small and 
we expect lifetime broadening to dominate. Prior measurements of 
momentum and phase scattering times have found quantitative 
agreement with Chaplik’s result using an adjustable scaling para- 
meter, but these data represent the first direct measurement of the 


single-particle lifetime 
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Reversal of the net dinitrogen gas flux in coastal 


marine sediments 


R. W. Fulweiler’, S. W. Nixon’, B. A. Buckley’ & S. L. Granger’ 


The flux of nitrogen from land and atmosphere to estuaries and 
the coastal ocean has increased substantially in recent decades. 
The observed increase in nitrogen loading is caused by population 
growth, urbanization, expanding water and sewer infrastructure, 
fossil fuel combustion and synthetic fertilizer consumption’. 
Most of the nitrogen is removed by denitrification in the sedi- 
ments of estuaries and the continental shelf, leading to a reduction 
in both cultural eutrophication and nitrogen pollution of the open 
ocean**, Nitrogen fixation, however, is thought to be a negligible 
process in sub-tidal heterotrophic marine systems’. Here we 
report sediment core data from Narragansett Bay, USA, which 
demonstrate that heterotrophic marine sediments can switch from 
being a net sink to being a net source of nitrogen. Mesocosm and 
core incubation experiments, together with a historic data set of 
mean annual chlorophyll production®’, support the idea that a 
climate-induced decrease in primary production has led to a 
decrease in organic matter deposition to the benthos and the 
observed reversal of the net sediment nitrogen flux. Our results 
suggest that some estuaries may no longer remove nitrogen from 
the water column. Instead, nitrogen could be exported to the 
continental shelf and the open ocean and could shift the effect of 
anthropogenic nitrogen loading beyond the immediate coastal 
zone. 

Climate change has altered the phenology or seasonal sequencing 
of events in a variety of ecosystems*”. In the marine environment, the 
timing of phytoplankton production is particularly important 
because it affects both pelagic and benthic ecology'®!'. For shallow 
systems, organic matter deposited to the benthos determines fauna 
abundance as well as rates of biogeochemical cycling'”'’. In turn, the 
fluxes of nutrients off the sediment surface can influence water- 
column phytoplankton production, especially when pelagic nutrient 
concentrations are low. The impact of climate change on this 
benthic—pelagic coupling has previously been unknown. 

Long-term warming’? has resulted in the loss of the winter— 
spring diatom bloom in most years and a decrease in mean annual 
chlorophyll production between the 1970s and 1990s in Narragansett 
Bay, Rhode Island (41.3° N, 071.1° W)°. This decrease has continued 
through 2005 and there is also a marked decrease in summer chloro- 
phyll concentrations (Fig. 1). The exact mechanism behind this 
decline is not known, but it is believed to be the result of increased 
year-round grazing’ or an increase in cloudy days, which negatively 
affects the onset of the winter-spring bloom’® (Supplementary 
Discussion). Nitrogen inputs have remained constant for the last 
twenty-five years'’. Combining the chlorophyll observations with 
associated Secchi disk data (a proxy for light penetration depth)"* 
in a simple empirical model that relates carbon fixation by marine 
phytoplankton to chlorophyll, optical depth, and surface irradiance” 
suggests that primary production in the mid-bay may have declined 
by 40% in the last thirty years. Recent measurements in the bay have 


also shown a marked decrease in sediment denitrification, sediment 
oxygen consumption, and in the fluxes of ammonium and phosphate 
from sediments to the overlying water compared with extensive mea- 
surements made in the 1970s and 1980s’. 

As in most estuaries, denitrification has traditionally been a dom- 
inant nitrogen process in the sediments, removing between 15-25% 
of the nitrogen load from land and atmosphere to the bay*”’. But 
during the summer of 2006, using the N>/Ar technique’'”’, we 
observed a dramatic change in the net sediment N, flux by mid- 
bay sediments (Fig. 2). High rates of N-fixation were also found in 
triplicate cores collected in July and August at three other stations 
throughout the bay (Table 1). The N-fixation was seasonal, and by 
mid-September the sediments were once again dominated by denit- 
rification. These N-fixation rates are remarkable for two reasons. 
They represent some of the highest rates measured for a marine 
system’, and this is the first demonstration that heterotrophic 
marine sediments can switch from being a net sink to being a major 
net source of nitrogen. We hypothesized that the decrease in primary 
production led to a decrease in organic matter deposition to the 
benthos and the observed reversal of the net sediment N, flux 
(Supplementary Discussion). We tested this hypothesis using core 
incubations and nine large (4m*) benthic mesocosms containing 
sediment and associated fauna from mid-bay. 

The mesocosm experiment was designed to quantify the response of 
the benthos to different levels of organic deposition. Estimates of the 
proportion of phytoplankton blooms that fall to the bottom in coastal 
waters vary widely, with larger values for winter-spring blooms and 
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Figure 1| Multi-decadal mean annual water column chlorophyll a 
concentrations. Mean annual water column (surface and bottom) 
chlorophyll a concentrations in mid-bay over the past three decades. Grey 
circles are from ref. 6; open and closed circles from the Graduate School of 
Oceanography plankton monitoring programme (http://www.gso.uri.edu/ 
phytoplankton). Black circles are the mean summer (June, July, August) 
chlorophyll a concentrations shown for the years when N> fluxes were 
measured at the mid-bay station (41° 35.3’, 071° 22.3’). Regression is for the 
mean summer chlorophyll a values. 
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Figure 2 | Mean summer (17-23 °C) Nz fluxes in mid-bay. Positive rates 

indicate denitrification, negative rates indicate N-fixation. 1979 data are from 
ref. 29 (mean + s.d., n = 2), 1985/86 data are from ref. 30 (mean = s.d., n = 7), 
2005 data are from ref. 7 (mean = s.d., n = 6), and 2006 data are from this study 
(mean = s.d., n = 6). Historical denitrification rates are significantly (one-way 
ANOVA; P = 0.002) higher than those measured in 2005/06 (see the Methods). 


lower values for summer blooms™. We assumed a deposition of 25% 
of four equal blooms based on a June through September carbon 
fixation of 200¢Cm * measured in mid-bay water during the early 
1970s*°. Each mesocosm was randomly assigned to one of three levels 
of organic addition in the form of commercial spray-dried marine 
phytoplankton with a C:N ratio of 10.5. Beginning in June, three 
mesocosms received no organic enrichment (0X), three received the 
spray-dried plankton in four monthly aliquots of 6.25 g Cm? (1/2X) 
each, and three received 12.5 g Cm * (1X) each. Our intention was 
that the50gCm_ 7 (1X) total summer deposition might approximate 
the field condition as it was during the 1970s. 

We measured the net sediment N> flux at the end of the experiment 
in September 2006. Organic matter loading had a progressive effect 
on net sediment N> fluxes, with denitrification proceeding in the 
most heavily enriched treatments, both denitrification and nitrogen 
fixation occurring at relatively low rates in the medium-enrichment 
treatments, and only nitrogen fixation taking place in the non- 
enrichment treatments (Fig. 3). Field-collected sediment cores 
were confirmed to exhibit net nitrogen fixation in early September 
2006 at rates similar to the non-enriched mesocosms. After this 
determination, we added spray-dried plankton to the cores to rep- 
licate the 1X enrichment. Two weeks later these cores had also 
switched from N-fixation (—250,1molN,-Nm*h7') to denit- 
rification (530 mol N)-Nm7h~'). Thus, only a brief exposure to 
organic matter was needed to reverse the net sediment N, flux. 

N-fixation associated with cyanobacteria mats and seagrass beds 
can be an important nitrogen source in shallow, oligotrophic, tropical 
systems’. In contrast, benthic N-fixation has historically accounted for 
avery small percentage of the total system nitrogen in deeper temper- 
ate estuaries and bays (that is 0.1% in Narragansett Bay” to 4% in 
Rhode River, Chesapeake Bay”). Preliminary analysis of the sediments 
at the mid-bay station found no cyanobacteria pigments, suggesting 
that heterotrophic bacteria are responsible for the N-fixation. This is 
consistent with the fact that all N-fixation incubations were made in 
complete darkness and the mesocosms were maintained for four 
months in the dark before the N-fixation measurements. 


Table 1| N-fixation during the summer of 2006 in Narragansett Bay 
Site Latitude Longitude No-N (£s.d.) (umolm~*h~+) 


Temperature (°C) 


i 41° 46.7’ 18 =25(+3:5) 
071° 22.8’ 22 —245(+9.7) 

2 41° 43.1’ 18 —30(+5.2) 
071° 21.6’ 22 Not measured 

3 41° 43.2’ 18 —135(+19.4) 
071° 18.5’ 22 —650 (+200.4) 

4* 41° 35.3’ 18 =75 (213.2) 
071° 22.3’ 22 —276(+90.4) 


* Historic station discussed in the text. 
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Figure 3 | Net N2 fluxes measured across a gradient of organic matter 
loading in mesocosms at the Graduate School of Oceanography. Sediments 
were collected from the mid-bay historic site. Sediments labelled 1X received 
a total of 50gCm ”, 1/2X systems received 25gCm ”, and 0X systems 
received no organic matter. Positive rates indicate net denitrification, 
negative rates indicate net N-fixation. 


Simultaneous nitrogen fixation and denitrification have been 
observed in shallow, subtropical, estuarine sediments”’. The N>/Ar 
technique measures net N> production or uptake, so it is impossible 
for us to know whether this was the case for these temperate sedi- 
ments. However, it is possible to determine whether the net N> flux is 
positive (that is removing nitrogen through denitrification) or nega- 
tive (that is adding nitrogen through N-fixation) to the bay over the 
annual cycle. If we apply the N-fixation rates observed at the mid-bay 
site in the summer of 2006 to the entire bay, we estimate that 
N-fixation introduced (1.42.2) X 10° moles of nitrogen per day. 
This is roughly 1.5 times greater than nitrogen inputs over the 
summer from the land and atmosphere combined". This is a con- 
servative estimate as N-fixation rates measured at the other three 
stations were higher (Table 1). Because the N-fixation is seasonal, 
the major nitrogen addition occurred from June through August and 
amounted to (125-200) X 10° moles of nitrogen during this period. 
If we apply the mean annual denitrification rate observed during 
2005 (40 mol N,-N m7 *h7') to the whole bay over the remaining 
nine months of the year, denitrification could remove about 
86 X 10° moles of N. Thus, over the complete annual cycle in 2006 
the sediments were adding a net (40-110) X 10° moles of nitrogen to 
the bay. This is equal to 20-60% of the annual nitrogen input from 
direct sewage discharge. 

During summer, dissolved inorganic nitrogen concentrations 
throughout Narragansett Bay proper are very low and strongly limit 
primary production™ (Supplementary Fig. 1). In the past, this sum- 
mer nitrogen limitation was eased by the remineralization of nitro- 
gen deposited on the bottom during the winter-spring bloom. 
Presumably, the dissolved inorganic nitrogen that used to be taken 
up by the winter—-spring bloom is now flushed offshore. But the 
climate-induced oligotrophication of the bay has also now made the 
sediments a new source of reactive nitrogen. It is too soon to know 
whether this source will become large enough to replace the dis- 
solved inorganic nitrogen being lost offshore during winter. The 
conversion of the sediments from a significant sink for N, over the 
annual cycle to a large nitrogen source illustrates the complex inter- 
play of climate and biology as they influence biogeochemical cycling 
in the coastal environment. With these observed changes, a new 
model for nitrogen dynamics in coastal systems is emerging. Some 
estuaries may no longer provide the nitrogen retention and removal 
services they once did. Instead, nitrogen may be exported from the 
estuary to the continental shelf and, perhaps, to the open ocean, thus 
shifting the effect of anthropogenic nitrogen loading beyond the 
immediate coastal zone. 


METHODS 

Field sampling. Three replicate sediment cores (of 10cm inner diameter and 
30.5cm long) were collected from the mid-bay site using SCUBA divers. 
Sediment cores (of 10cm inner diameter, 30.5cm long) from the three other 
sites were collected using a 5m pull corer onboard the R/V Zostera. The cores 
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were stored at in situ temperatures and taken back to the laboratory at the 
Graduate School of Oceanography of the University of Rhode Island, where they 
were placed in a water bath and maintained at field temperatures in a dark 
environmental chamber. The cores were left uncapped with air bubbling gently 
through the overlying water for about 8-12 h. Before the net N, flux incubation 
the water overlying each core was carefully replaced with filtered (1 j1m) lower 
Narragansett Bay (~32 practical salinity units) water. The cores were then sealed 
with a gas-tight lid (with no air headspace) and replicate water samples for N2/Ar 
analysis were collected at five points over the course of an incubation and pre- 
served with HgCl). Incubations at 17-23 °C lasted between 6 and 24h. 
Mesocosm experiment. We used a large box corer to collect sediments in May 
2006 to a depth of about 30 cm from near the mid-bay station where the long-term 
chlorophyll measurements are made and close to the historical site of mid-bay 
benthic fluxes (41° 35.3’, 071° 22.3’). We took great care not to disturb the sedi- 
ments and to preserve their vertical structure. The sediments were maintained in 
the dark in nine 4 m* mesocosms with 65 cm of overlying water, which was slowly 
mixed and exchanged at 10% each day with water from the lower West Passage of 
the bay. The sediments in the field are at 7 m (mean low water, mlw) witha 1.1m 
tidal range, receive less than 1-2% of surface illumination, and are completely 
heterotrophic. In September sediment cores (of 10cm inner diameter, 30.5 cm 
long) were collected from each of the mesocosms with a pull corer and transported 
to the environmental chamber for the N2/Ar incubation as described above. 
Laboratory analysis. Dissolved gas samples were analysed with a quadrupole 
membrane inlet mass spectrometer (MIMS, Bay Instruments) that only requires 
a small sample size (<10 ml) and no sample preparation. The instrument provides 
rapid throughput (~20-30 samples per hour) anda precision of 0.03% (ref. 22). 
The N,/Ar ratio is actually a measure of net N, production or consumption (gross 
denitrification minus gross nitrogen fixation). For the N2/Ar method, the change 
in N> concentration was determined from the change in the measured N>/Ar 
multiplied by the Ar concentration at air saturation. N, production for each of 
the triplicate cores was then determined from a five-point linear regression (Sup- 
plementary Fig. 2). Rates were then corrected for the volume of water overlying the 
core and area of the core. With assistance from M. Hayn at Cornell University and 
L. Cole from the University of Virginia, we confirmed that N-fixation was occur- 
ring at three of the sites, using the more traditional acetylene technique. 
Statistical analysis. Differences between the historical and most recently col- 
lected sediment oxygen demand, sediment net N> fluxes, and the fluxes of 
ammonium and dissolved inorganic phosphate across the sediment water inter- 
face and their relationship with temperature were examined with the statistical 
analysis program SAS, using a two-way analysis of variance (ANOVA) and least- 
significant-difference multiple comparison test. All of the fluxes in this study 
were significantly (P<0.01) lower than those measured previously. Using 
ANOVA we also tested to see if the historical summer (17—23 °C) N; fluxes in 
mid-bay were different from each other. The historical summer rates are signifi- 
cantly (P = 0.002) different from those measured in 2005 and in 2006. 
Cyanobacteria analysis. Six surficial (0-2 cm) sediment samples were sent to the 
laboratory of H. Paerl at the University of North Carolina for cyanobacteria 
extraction*'. No cyanobacteria indicator pigments could be found. 


Received 26 December 2006; accepted 25 May 2007. 


1. Howarth, R. W. & Marino, R. Nitrogen as the limiting nutrient for eutrophication in 
coastal marine ecosystems: Evolving views for over three decades. Limnol. 
Oceanogr. 51, 364-376 (2006). 

2. Galloway, J. N. & Cowling, E. B. Nitrogen and the world: 200 years of change. 
Ambio 31, 64-71 (2002). 

3. Nixon, S. W. et al. The fate of nitrogen and phosphorus at the land-sea margin of 
the North Atlantic Ocean. Biogeochemistry 35, 141-180 (1996). 

4. Seitzinger, S. P. & Giblin, A. E. Estimating denitrification in north Atlantic 
continental shelf sediments. Biogeochemistry 35, 235-260 (1996). 

5. Howarth, R. W., Marino, R., Lane, J. & Cole, J. J. Nitrogen fixation in freshwater, 
estuarine, and marine ecosystems. 1. Rates and importance. Limnol. Oceanogr. 33, 
669-687 (1988a). 

6. Li, Y. & Smayda, T. Temporal variability of chlorophyll in Narragansett Bay 
1973-1990. ICES J. Mar. Sci. 55, 661-667 (1998). 

7. Fulweiler, R. W. & Nixon, S. W. Responses of benthic-pelagic coupling to climate 
change in a temperate estuary. Hydrobiologia. (in the press). 

8. Walther, G. R. et al. Ecological response to recent climate change. Nature 416, 
389-395 (2002). 

9. Farnsworth, E. J., Nufiez-Farfan, S. A., Careaga, S. A. & Bazzaz, F. A. Phenology and 
growth of three temperate forest life forms in response to artificial soil warming. 
J. Ecol. 83, 967-977 (1995). 

10. Townsend, D. W. & Cammen, L. M. Potential importance of the timing of spring 
plankton blooms to benthic-pelagic coupling and recruitment of juvenile demersal 
fishes. Biol. Oceanogr. 5, 215-229 (1988). 

11. Edwards, M. & Richardson, A. J. Impact of climate change in marine pelagic 
phenology and trophic mismatch. Nature 430, 881-884 (2004). 


182 


NATURE| Vol 448|12 July 2007 


2. Kemp, W. M. et al. Eutrophication of Chesapeake Bay: historical trends and 
ecological interactions. Mar. Ecol. Prog. Ser. 303, 1-29 (2005). 

3. Nixon, S. W., Kelly, J. R., Furnas, B. N., Oviatt, C. A. & Hale, S. S. in Marine Benthic 
Dynamics (eds Tenore, K. R. & Coull, B. S.) 219-242 (Univ. of South Carolina Press, 
Columbia, 1980). 

4. Nixon, S. W., Granger, S., Buckley, B. A., Lamont, M. & Rowell, B. A one hundred 
and seventeen year coastal water temperature record from Woods Hole, 
Massachusetts. Estuaries 27, 397-404 (2004). 

5. Oviatt, C. A., Keller, A. & Reed, L. Annual primary production in Narragansett Bay 
with no bay-wide winter-spring phytoplankton bloom. Estuar. Coast. Shelf Sci. 54, 
1013-1026 (2002). 

6. Borkman, G. D. Analysis and Simulation of Skeletonema costatum (grev.) Cleve 
Annual Abundance Patterns in Lower Narragansett Bay 1959-1996 PhD dissertation, 
Univ. Rhode Island (2002). 

7. Nixon, S. W. et al. in Ecosystem-Based Estuary Management: A Case Study of 
Narragansett Bay (eds Desbonnet, A. Colt, A. B. & Costa-Pierce, B. A.) (Springer, in 
the press). 

8. Borkman, G. D. & Smayda, T. J. Long-term trends in water clarity revealed by 
secchi-disk measurements in lower Narragansett Bay. ICES J. Mar. Sci. 55, 
668-679 (1998). 

9. Brush, M.J., Brawley, J. W., Nixon, S. W. & Kremer, J. N. Modeling phytoplankton 

production: problems with the Eppley curve and an empirical alternative. Mar. 

Ecol. Prog. Ser. 238, 31-45 (2002). 

20. Nixon, S. W., Granger, S. L. & Nowicki, B. L. An assessment of the annual mass 

balance of carbon, nitrogen, and phosphorus in Narragansett Bay. Biogeochemistry 

31, 15-61 (1995). 

21. Sisler, F. D., & ZoBell, C. E. Nitrogen fixation by sulfate reducing bacteria indicated 

by nitrogen/argon ratios. Science 113, 511-512 (1951). 

22. Kana, T. M. et al. Membrane inlet mass-spectrometer for rapid high-precision 

determination of Nz, Oz, and Ar in environmental water samples. Anal. Chem. 66, 

4166-4170 (1994). 

23. Galloway, J.N. etal. Nitrogen cycles: past, present, and future. Biogeochemistry 70, 

53-226 (2004). 

24. Keller, A. A., Oviatt, C. A., Walker, H. A. & Hawk, J. D. Predicted impacts of 

elevated temperature on the magnitude of the winter-spring phytoplankton 

bloom in temperate coastal waters: A mesocosm study. Limnol. Oceanogr. 44, 
344-356 (1999). 

25. Furnas, M. J., Hitchcock, G. L. & Smayda, T. J. in Estuarine Processes Vol. 1 Uses, 
Stresses and Adaptation to the Estuary (ed. Wiley, M.) 118-133 (Academic Press, 
New York, 1976). 

26. Seitzinger, S. P. & Garber, J. H. Nitrogen fixation and '°N, calibration of the 
acetylene reduction assay in coastal marine sediments. Mar. Ecol. Prog. Ser. 37, 
65-76 (1987). 

27. Gardner, W. S. et al. Nitrogen fixation and dissimilatory nitrate reduction to 
ammonium (DNRA) support nitrogen dynamics in Texas estuaries. Limnol. 
Oceanogr. 51, 558-568 (2006). 

28. Oviatt, C. A. et al. An ecosystem level experiment on nutrient limitation in 
temperate coastal marine environments. Mar. Ecol. Prog. Ser. 116, 171-179 (1995). 

29. Seitzinger, S. P. The Importance of Denitrification and Nitrous Oxide Production in the 
Nitrogen Dynamics and Ecology of Narragansett Bay, Rhode Island PhD dissertation, 
Univ. Rhode Island (1982). 

30. Nowicki, B. L. The Fate of Nutrient Inputs to Estuaries: Evidence from Estuarine 
Mesocosms PhD dissertation, Univ. Rhode Island (1991). 

31. Pinckney, J. L, et al. Application of photopigment biomarkers for quantifying 

microalgal community composition and in situ growth rates Org. Geochem. 32, 

585-595 (2001). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements This material is based on work supported by the National 
Science Foundation to the Rhode Island EPSCoR programme, as well as the Rhode 
Island Sea Grant College Program (NOAA), the Rhode Island Coastal Resource 
Management Council, and the Switzer Foundation. We acknowledge and 
appreciate the assistance of A. Giblin, J. Tucker and K. Koop-Jacobsen of the 
Marine Biological Laboratory and J. Cornwell, M. Owens, T. Kana, and J. Seabrease 
of the University of Maryland. We also thank H. Paerl and K. Rossignol of the 
University of North Carolina. In addition we thank M. Hayn at Cornell University 
and L. Cole at the University of Virginia. This manuscript was improved with 
comments from A. Giblin, M. E. Q. Pilson and B. Jenkins. For field assistance we 
thank P. DiMilla, K. Hanks, K. Henry, M. Horn, J. Krumholz, C. Mueller, 

A. Oczkowski, A. Pimenta, M. Traber, and N. Hovey. We thank L. Harris for 
assistance with the primary production model. 


Author Contributions R.W.F. was responsible for sediment collection as well as 
sample and data analysis for net Nz measurements. R.W.F. and S.W.N. co-wrote 
this manuscript. B.A.B. was responsible for statistical analysis. B.A.B and S.L.G. 
supervised the large-scale mesocosm experiment. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Correspondence and requests for materials should be addressed to R.W.F. 
(wally@gso.uri.edu). 


©2007 Nature Publishing Group 


Vol 448|12 July 2007 |doi:10.1038/nature05962 


nature 


LETTERS 


Spreading rate dependence of gravity anomalies 
along oceanic transform faults 


Patricia M. Gregg’, Jian Lin*, Mark D. Behn? & Laurent G. J. Montési* 


Mid-ocean ridge morphology and crustal accretion are known to 
depend on the spreading rate of the ridge. Slow-spreading mid- 
ocean-ridge segments exhibit significant crustal thinning towards 
transform and non-transform offsets’'”, which is thought to arise 
from a three-dimensional process of buoyant mantle upwelling 
and melt migration focused beneath the centres of ridge seg- 
ments’”*7*!°!?_ In contrast, fast-spreading mid-ocean ridges are 
characterized by smaller, segment-scale variations in crustal thick- 
ness, which reflect more uniform mantle upwelling beneath the 
ridge axis'*"'*. Here we present a systematic study of the residual 
mantle Bouguer gravity anomaly of 19 oceanic transform faults 
that reveals a strong correlation between gravity signature and 
spreading rate. Previous studies have shown that slow-slipping 
transform faults are marked by more positive gravity anomalies 
than their adjacent ridge segments’***, but our analysis reveals 
that intermediate and fast-slipping transform faults exhibit more 
negative gravity anomalies than their adjacent ridge segments. 
This finding indicates that there is a mass deficit at intermediate- 
and fast-slipping transform faults, which could reflect increased 
rock porosity, serpentinization of mantle peridotite, and/or crus- 
tal thickening. The most negative anomalies correspond to topo- 
graphic highs flanking the transform faults, rather than to 
transform troughs (where deformation is probably focused and 
porosity and alteration are expected to be greatest), indicating that 
crustal thickening could be an important contributor to the nega- 
tive gravity anomalies observed. This finding in turn suggests that 
three-dimensional magma accretion may occur near intermediate- 
and fast-slipping transform faults. 

We analyse the residual mantle Bouguer gravity anomaly (RMBA) 
from 19 oceanic transform fault systems and their adjacent ridge 
segments at ultraslow- to fast-spreading mid-ocean ridges (Supple- 
mentary Fig. 1) with fault slip rates of 1.3-14.5cmyr _' and fault 
lengths of 70-350 km (see Methods). RMBA is used to infer local 
density variations relative to a reference model that includes a 6-km- 
thick crust. A negative RMBA indicates a mass deficit, which can be 
due to thickened crust, increased porosity, and/or serpentinized 
mantle. Conversely, a positive RMBA typically implies crustal thin- 
ning. Our results reveal a systematic disparity in the gravity signature 
between ultraslow-/slow-slipping transform faults and intermediate-/ 
fast-slipping transform faults. 

To illustrate these differences, we compare the RMBA at the fast- 
slipping Siqueiros transform to the RMBA at the slow-slipping 
Atlantis transform (Fig. 1). The 150-km-long Siqueiros transform 
located at ~8.3°N on the East Pacific Rise is slipping at 
~11.8cmyr~' and includes five fault segments connected by four 
intra-transform spreading centres'® (Fig. 1a). The ridge segments 
to the north and south of Siqueiros are typical of fast-spreading 
ridges with axial highs as shallow as 2.0—2.8 km. The ridge transform 


intersections bounding Siqueiros display overshooting ridge tips'® 
typical of ridge transform intersections at magmatically robust ridge 
segments (Supplementary Figs 2-5). In contrast, the 70-km-long 
Atlantis transform at 30° N on the Mid-Atlantic Ridge is slipping at 
~2.4cmyr | and contains a single strike-slip fault zone (Fig. 1b). 
The ridge segments adjacent to the Atlantis transform display slow- 
spreading rift valleys and a wide range of axial depths. 

As seen in previous gravity studies of the Atlantis transform 
more negative RMBA is associated with adjacent ridge segment cen- 
tres (up to ~80 mGal less than the transform offset), whereas the 
most positive RMBA is located in the transform fault and fracture 
zone (Fig. 1d). In contrast, at Siqueiros more positive RMBA is 
observed along the adjacent ridge segments and more negative values 
are found within the transform fault and fracture zone domains (up 
to ~40 mGal less than the adjacent ridge segments). RMBA mini- 
mums often correspond to bathymetric highs along the eastern and 
southern flanks of the fault (Fig. 1c). 

The difference in the average RMBA values between transform fault 
domains and their adjacent ridge segments—ARMBA+ — p—varies 
systematically with spreading rate for the 19 transform faults included 
in this study (Fig. 2, see Methods section for ARMBAyz _ z calcula- 
tion). ARMBAy — gp > 0 implies more positive RMBA along the trans- 
form fault domain than along the adjacent ridge segments, whereas 
ARMBA; — zp < 0 implies more negative values within the transform 
fault domain. Along ultraslow- and slow-spreading ridges, the average 
RMBA in transform fault domains is systematically more positive than 
along the adjacent ridge segments with ARMBA; _ z of up to 45 mGal. 
However, for spreading rates exceeding ~5cmyr_' the average 
RMBA within transform fault domains becomes more negative than 
on the adjacent ridge segments. Most intermediate- and fast-slipping 
transforms are associated with ARMBA;~p of —4 to —14mGal, 
whereas the Blanco transform is associated with a ARMBA+ ~ pz of 
—40 mGal (Fig. 2 and Supplementary Table 1). 

Previous studies attribute positive RMBA along slow-slipping 
transform faults to decreased crustal accretion towards the end of 
ridge segments and therefore crustal thinning within the transform 
fault domain’***. Ifthe negative RMBA observed at intermediate- and 
fast-slipping transforms also reflects variations in crustal thickness, 
these anomalies indicate crustal thickening within the transform 
domain. However, negative RMBA can also arise from other factors, 
such as cracking and alteration at transform fault offsets**”'°. There- 
fore, we use two-dimensional (2D) gravity models to estimate the 
amplitude of ARMBAy, — zg corresponding to: (1) increased rock poro- 
sity; (2) serpentinization of mantle peridotite; and (3) crustal thick- 
ening (Fig. 3, Supplementary Fig. 7, and Supplementary Methods). 

Low seismic velocities recorded in the Clipperton transform and 
near the Siqueiros transform have been attributed to increased crack- 
ing and porosity within the transform domain'>'*. The observed 
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Figure 1 | Comparison of bathymetry and RMBA of the Siqueiros transform 
on the East Pacific Rise and Atlantis transform on the Mid-Atlantic Ridge, 
at the same map scale. a, Bathymetric map for the Siqueiros transform with 
geologic interpretation’®. Solid black lines indicate the seafloor fabric, circles 
show locations of seamounts, and dashed black lines show the locations of 
the fracture zones and transform fault. The solid white line indicates the 
location of the plate boundary used in the 3D thermal model. ITSCs are 
labelled A, B, C and D'®. NVZ, neo-volcanic zone; OSC, overlapping 
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Figure 2 | Compilation of ARMBA, _ z values for the 19 transform systems 
analysed. The new RMBA calculations from this study are marked with solid 
circles. Previous RMBA studies are indicated by the open symbols: square’, 
triangle’, cross*°, star'', diamond’. Abbreviations for ridges: SWIR, 
Southwest Indian Ridge; MAR, Mid-Atlantic Ridge; JdFR, Juan de Fuca Ridge; 
SEIR, Southeast Indian Ridge; EPR, East Pacific Rise. Abbreviations for 
transform faults: Bo, Bouvet; IO, Islas Orcadas; AB, Andrew Bain; PE, Prince 
Edward; AII, Atlantis II; Mo, Moshesh; Ma, Marion; At, Atlantis; Hs, Hayes; 
Kn, Kane; FT, Fifteen-Twenty; AFZ, Ascension; RG, Rio Grande; Bl, Blanco; 
$2, SEIR2; $1, SEIR1; Cl, Clipperton; Sq, Siqueiros; Wi, Wilkes; Ga, Garrett. 
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spreading centre. b, Bathymetric map for the Atlantis transform. The solid 
black line indicates location of the plate boundary used in the 3D thermal 
model, and the dashed portion indicates the Atlantis transform fault. 

c, Calculated RMBA map for the Siqueiros transform fault with geologic 
interpretation overlaid from a. d, Calculated RMBA map for the Atlantis 
transform fault. Seabeam bathymetry compiled by the RIDGE multibeam 
synthesis project (http://ocean-ridge.ldeo.columbia.edu/general/html/ 
home.html). 


decrease in seismic velocities of ~1 kms ' in the Clipperton trans- 
form fault’* can be explained by porosity increases in the range of 
1-5.5% for crack aspect ratios of 0.01-0.1 (ref. 19). Calculations in 
Fig. 3 demonstrate that an average porosity increase of 2—-7% within 
the upper crust down to the brittle-ductile transition (600°C) is 
required to produce the negative ARMBA;y~_, values of up to 
—14mGal observed at fast-slipping transforms (Fig. 2). However, 
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Figure 3 | Results of 2D forward models showing the predicted 

ARMBA, _ pr. Data are shown as a function of increase in crustal thickness 
through layer 2A (dotted black line) or overall crustal thickening (solid black 
line); increases in porosity (@, red line); or the presence of serpentinized 
mantle (green lines indicate percentage; green shading indicates serpentine 
stability field). Ah indicates change in layer thickness. Grey shading indicates 
the observed ARMBAy ~ x at fast-slipping transforms. The kink in the curve 
for increase in layer 2A corresponds to thickening of layer 2A beyond the 
thickness of layer 2B in the reference model. See Supplementary Fig. 7 for 
model details. 
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Figure 4 | Lateral variations in crustal thickness required to explain the 
observed RMBA in the Siqueiros transform system (Fig. 1c). Excess crust is 
defined as the deviation from the reference crustal thickness of 6 km, 
assuming sea water, crust and mantle densities of 1,030, 2,730 and 
3,300kgm_ °, respectively. 


an increase in porosity in excess of 5% at slow-slipping transforms 
will negate the effect of crustal thinning and result in negative 
ARMBA+— (Supplementary Fig. 7). Consequently, a porosity 
increase of 2—5% is consistent with observed ARMBA, ~ p and seis- 
mic data at both slow- and fast-slipping transform faults. 

Serpentinization of mantle peridotite can also generate negative 
ARMBAvz - pr. However, the calculated 500 °C isotherm, which repre- 
sents the upper limit of serpentine stability”, is located within the 
crust at all fast-slipping transform faults considered in this study 
(see Methods) and therefore predicts no mantle serpentinization. 
Invoking hydrothermal cooling (see Supplementary Methods) 
depresses the 500°C isotherm to an average depth of 6.4km at 
Siqueiros transform fault. Assuming 100% serpentinization (density 
of 2,550kgm~*) of the mantle where temperatures are <500°C 
results in a negative ARMBAyx — p of 0 to — 10 mGal, which is slightly 
less than the values of up to — 14 mGal observed at fast-slipping trans- 
form faults (Fig. 3). However, if 100% serpentinization were pervasive 
above the 500°C isotherm at slow-slipping transform faults, it 
would negate the effects of crustal thinning and produce negative 
ARMBA;— p< —100mGal (Supplementary Fig. 7g). Therefore, 
although low degrees of mantle serpentinization might contribute 
to the observed negative RMBA along fast-slipping transform faults, 
current thermal models for oceanic transform faults make it unlikely 
that serpentinization alone can explain the systematic differences 
between fast- and slow-slipping transforms. 


Figure 5 | A spreading-rate-dependent model of crustal accretion and 
mantle upwelling based on observed RMBA calculations and morphological 
features at transform fault systems on slow- and fast-spreading ridges. 
Large yellow arrows indicate plate motion vectors; smaller black arrows 
indicate mantle flow. The grey area with white outline represents the 
lithosphere as defined by the 700 °C isotherm, while the crust is identified by 
dotted pattern. The blue cracks and the green wiggles indicate regions of 
increased porosity and serpentinization, respectively. a, Slow-spreading 
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Finally, we estimate the magnitude of variations in crustal thick- 
ness required to explain the RMBA observed along the Siqueiros 
transform by inverting the observed RMBA relative to a reference 
model with average crustal density of 2,730kgm_ © (ref. 1) (Fig. 4). 
Along the eastern domain of Siqueiros transform, we predict an 
excess crustal thickness of >1.5 km, while in the western domain of 
the transform and in the off-axis fracture zones excess crust ranges 
from 0.5-1.5 km. The ARMBA, _ x observed at fast-slipping trans- 
form faults can also be produced by increasing layer 2A by 0.25— 
0.6 km (Fig. 3). 

Although increased rock porosity and mantle serpentinization 
could both contribute to the observed negative RMBA along inter- 
mediate- and fast-slipping transform faults, we believe that local 
crustal thickening is probably the dominant mechanism. Areas of 
localized deformation, such as fault zones, are expected to exhibit 
enhanced cracking and alteration. However, the most negative 
RMBA values observed at intermediate- and fast-slipping transform 
faults correspond to bathymetric highs flanking the transforms 
instead of the transform troughs where deformation is likely to be 
localized. Local excess crust within intermediate- and fast-slipping 
transform fault domains may result from a combination of magmatic 
accretion mechanisms including: (1) lateral transport of excess 
magma from the ridge axis into the transform fault domain’®”’; (2) 
magmatic accretion at intra-transform spreading centres'®”*; (3) the 
pooling of lava within topographic lows”’; and/or (4) ‘leaky’ mag- 
matic accretion along the entire transform fault”. 

Lateral dyke propagation from a central magma chamber has 
been proposed to explain crustal thickness variations along slow- 
spreading ridge segments”. At magmatically robust segments along 
intermediate and fast-spreading ridges, a continuous magma cham- 
ber may exist beneath the entire segment and feed dykes from the 
ridge transform intersection into the transform fault domain. A pos- 
sible geologic expression of this mechanism is overshooting ridge 
tips, which are common bathymetric features of robust ridge seg- 
ments at intermediate- and fast-spreading ridge transform intersec- 
tions'® (see Supplementary Figs 2-5). Bathymetry and RMBA of 
overshooting ridge tips at intermediate and fast-spreading ridges 
suggest that dykes propagating along the ridge axis penetrate past 
the transform fault into juxtaposed old oceanic crust, curve in the 
direction of the transform, and locally increase the crustal thickness 
of an already full-thickness crust (Fig. 5b). Geologic evidence from 
the northwestern segment of Blanco transform indicates significant 
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ridges exhibit focused mantle upwelling at segment centres and crustal 
thinning towards segment ends and transform faults. b, Fast-spreading 
ridges have relatively uniform mantle upwelling. The negative ARMBA;y _ x 
at fast-spreading ridges may result from: (1) excess magma supply on ridge 
segments causing over-shooting ridges and dyke injection into the transform 
fault domain; (2) increased porosity within the transform; (3) actively 
accreting ITSCs; (4) pooling of extruded lavas within the transform fault. 


185 


©2007 Nature Publishing Group 


LETTERS 


increases in the extrusive lava layer with a possible overshooting ridge 
tip source~’. However, for this model to explain the RMBA along the 
entire transform fault (rather than just in the fracture zone), trans- 
form-parallel dyke propagation must extend at least half the distance 
between ridge transform intersections (~50—75 km). Bathymetric 
data demonstrate that overshooting ridge tips wrap around and into 
transform faults, but the cause of this curvature is unclear. Possible 
explanations include response to the local stress field at the ridge 
transform intersection, and/or dyke propagation along preferential 
pathways created by pre-existing transform-parallel cracks. 

Fast-slipping transform faults typically contain multiple fault seg- 
ments separated by intra-transform spreading centres (ITSC)'*”*. 
Several ITSCs at East Pacific Rise transform faults have been sampled 
and contain fresh basaltic lavas indicating crustal accretion within 
the transform fault domain'®”*. In some cases, such as the Garrett 
transform fault (Supplementary Fig. 2), the ITSCs occur in pull-apart 
basins and do not appear to increase the crustal thickness. Alter- 
natively, along the eastern portion of Siqueiros transform (Fig. la) 
ITSCs are associated with negative RMBA. Thus, ITSCs may thicken 
crust in some localities. 

A third possible mechanism for local crustal thickening is the 
pooling of erupted lavas in topographic lows within the transform 
fault domain” (Fig. 5b). However, the majority of the negative 
RMBA values we have observed correspond with topographic 
highs, indicating that this might not be a dominant mechanism. 
Finally, because off-axis melt is considered abundant at fast- 
spreading ridges’’, ‘leaky’ magmatic accretion might occur along 
the entire length of some transform faults**. This mechanism could 
cause increases in crustal thickness and may be enhanced by trans- 
tensional forces acting upon a transform fault owing to plate motion 
reorganizations™. 

Thus the observed negative RMBA values at intermediate- and 
fast-slipping transform faults may be the result of a combination of 
mechanisms, including increases in rock porosity, mantle serpentin- 
ization and/or crustal thickening. Further detailed constraints are 
required to distinguish among the potential contributors to the 
observed gravity anomalies. However, the strong correlation of the 
negative RMBA with topographic highs flanking the transforms sug- 
gests crustal thickening as a potentially important mechanism for at 
least some of the observed negative RMBA values. Systematic occur- 
rence of crustal thickening, if confirmed, would require a modifica- 
tion of our current understanding of how three-dimensional magma 
accretion occurs along intermediate- and fast-spreading ridges in the 
vicinity of transform fault discontinuities. 


METHODS SUMMARY 


The mantle Bouguer anomaly was calculated following the method of ref. 1. 
This technique removes the effect of seafloor topography and 6 km of reference 
crust from the satellite free air gravity”*. The RMBA was calculated by removing 
from the mantle Bouguer anomaly the effects of lithospheric cooling as estimated 
from a three-dimensional (3D) passive mantle upwelling model calculated 
using the commercial finite-element modelling software package COMSOL 
MULTIPHYSICS 3.2 (for model details see Supplementary Tables 1 and 2). 
The RMBA reflects the deviation of sub-seafloor density structure from the 
reference model described in Supplementary Table 2. When constructing the 
thermal models for segmented transform faults, we incorporated the best-known 
geometry of transform fault segments and assumed steady-state crustal accretion 
at the ITSCs. 

We define ARMBAy — x = [(RMBA;— RMBAg;) + (RMBAy— RMBAg))|/2; 
where RMBAg, and RMBAg; are the average RMBA values on the adjacent ridge 
segments | and 2, respectively, and RMBAy is the average RMBA value along the 
transform fault domain (see Supplementary Fig. 8). Where digital data are avail- 
able’*”?, RMBAg; and RMBAg) were calculated by averaging the values at the 
centre of each adjacent ridge segment within a 20-km-wide and 50-km-long box. 
At the East Pacific Rise, Juan de Fuca Ridge, and Southeast Indian Ridge, where 
the transform fault zones are wider owing to segmentation, RMBA+ was calcu- 
lated by averaging over a 20-km-wide swath centred 20 km from the ridge trans- 
form intersections. At the Mid-Atlantic Ridge and Southwest Indian Ridge the 
RMBA values were averaged over a 10-km-wide swath centred 20 km from the 
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ridge transform intersections. Where digital data are unavailable*''**, average 


values were estimated from published profiles and maps of the transform faults 
and their adjacent ridge segments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Because there is an inherent non-uniqueness in gravity calculations, we have 
created several 2D forward models"! to quantify the effects of various mechan- 
isms on the gravity signature of a ridge—transform system (Supplementary Fig. 
7). The light blue and orange shaded regions in Supplementary Fig. 7 indicate 
the extent of ARMBA; — x observed along transform faults at slow- and fast- 
spreading ridges, respectively. The density used for each of the layers is indicated 
in Supplementary Fig. 7. These values do vary in nature’. 

In the first suite of models we varied the crustal thickness by Ah either entirely 
as a change of layer 2A, layer 2B, or proportionally throughout the entire crust 
(Supplementary Figs 7a, b and c, respectively). All three mechanisms act 
to decrease ARMBAy~ x within the range of fast-slipping transforms with 
<1km of excess material. Increasing layer 2A requires the least amount of excess 
material with 0.25—0.6 km. The kink in model A results from increasing layer 2A 
beyond the thickness of layer 2B. 

The second suite of models considers increased porosity in the brittle layer 
(temperatures <600 °C). Two 3D thermal models were calculated to obtain the 
average depth to the 600 °C isotherm along the Siqueiros transform fault: (1) the 
initial 3D passive mantle upwelling model, outlined in the Methods (the red dashed 
line at ~3 km depth on Supplementary Figs 7d and e), and (2) a hydrothermally 
cooled model in which heat conductivity is increased tenfold to 4km depth (the 
blue dashed line at 6.4 km depth on Supplementary Figs 7d and e). Density changes 
due to variations in porosity are defined as: p(®) = (1 — ®)p,oa + Pps, where ® 
is the porosity, P,ock is the density of the host rock, and p,y is the density of sea 
water. Assuming that the brittle—ductile transition is at ~3 km, porosity would 
need to be increased 2—7% to achieve the ARMBAy~— x values of magnitude 
—14mGal observed at fast-slipping transform faults. 

Similar calculations were performed for slow-slipping transforms, assuming 
a thicker brittle layer, as was calculated for the Atlantis transform fault. These 
results indicate that it is difficult to explain the ARMBA+ — x at both fast and 
slow-slipping transforms simultaneously, assuming similar porosity structures 
in both regions. Because it is unlikely that there will be large increases in porosity 
down to 9 km depth at slow-slipping transform faults, even though it is within 
the pressure constraints suggested by ref. 36, we have rerun the 2D slow-slipping 
transform model with increased porosity to 6 km depth. While porosity increases 
in excess of 8% still act to negate the effect of crustal thinning at slow-slipping 
transform faults, moderate increases of 2-5% are consistent with ARMBA+r — z 
values at both slow- and fast-slipping transform faults (Supplementary Fig. 7e). 

The final set of forward models includes serpentinization of the mantle 
beneath the transform fault (Supplementary Figs 7f and g). As in the porosity 
models, we have incorporated two 3D thermal calculations at the Siqueiros 
transform to obtain average depths to the 500°C isotherm, which limits the 
serpentine stability field”® to 2.5 km for uncooled and 6.4 km for hydrothermally 
cooled lithosphere. Without hydrothermal cooling the 500 °C isotherm lies well 
within the upper crust and there is no predicted mantle serpentinization. 
However, if hydrothermal cooling is applied from 0 to 4km depth, an end 
member model of 100% serpentinization will result in a ARMBAy~R of 
—10 mGal, which is the average of the observed ARMBAx — x for fast-slipping 
transform faults. If a similar model for mantle serpentinization is applied at a 
slow-slipping transform fault, mantle serpentinization down to the hydrother- 
mally cooled 500 °C isotherm would produce such a large negative RMBA that it 
would completely offset the effect of crustal thinning, which is inconsistent with 
observations. 

Additionally, we calculated a modified RMBA at the Siqueiros transform 
using the hydrothermally cooled thermal model and the density for 100% ser- 
pentine (2,550kgm *) in all regions of the mantle (>6km depth) where the 
temperature is <500 °C. Even though this correction maximizes the effect of 
serpentine, it decreases the average ARMBAy — x within the Siqueiros transform 
fault domain by only <2 mGal, and reduces the calculated excess crustal thick- 
ness by <200 m. 

Laboratory experiments suggest that, if the crust is thinned and mantle upwel- 
ling occurs, hydrothermal fluid penetration through thermal cracking and grain 
boundary wetting will reach only ~4—6 km depth”. Therefore, it is unlikely that 
hydrothermal fluids will penetrate to great enough depths to serpentinize large 
regions of mantle beneath fast-slipping transform faults. Moreover, depressing 
the 500 °C isotherm through hydrothermal cooling is inconsistent with calcu- 
lated earthquake depths at oceanic transform faults**. On the other hand, slow- 
slipping transform faults display significant crustal thinning and are cooler 
than intermediate- and fast-slipping transform faults, implying that a larger 
portion of the underlying mantle resides in the serpentine stability field. 
However, the locally positive RMBA observed at slow-slipping transform faults 
reflects crustal thinning despite the potential for significant serpentinized peri- 
dotite’. Together, these results indicate that, while mantle serpentinization may 
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occur at intermediate and fast-slipping transform faults, the direct contribution 
of serpentinization to the gravity signature is likely to be negligible. 
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Biodiversity and ecosystem multifunctionality 


Andy Hector’ & Robert Bagchi'+ 


Biodiversity loss can affect ecosystem functions and services’. 
Individual ecosystem functions generally show a positive asymp- 
totic relationship with increasing biodiversity, suggesting that 
some species are redundant” *. However, ecosystems are managed 
and conserved for multiple functions, which may require greater 
biodiversity. Here we present an analysis of published data from 
grassland biodiversity experiments”, and show that ecosystem 
multifunctionality does require greater numbers of species. We 
analysed each ecosystem function alone to identify species with 
desirable effects. We then calculated the number of species with 
positive effects for all possible combinations of functions. Our 
results show appreciable differences in the sets of species influ- 
encing different ecosystem functions, with average proportional 
overlap of about 0.2 to 0.5. Consequently, as more ecosystem pro- 
cesses were included in our analysis, more species were found to 
affect overall functioning. Specifically, for all of the analysed 
experiments, there was a positive saturating relationship between 
the number of ecosystem processes considered and the number of 
species influencing overall functioning. We conclude that because 
different species often influence different functions, studies focus- 
ing on individual processes in isolation will underestimate levels of 
biodiversity required to maintain multifunctional ecosystems. 
The potential for diversity to affect ecosystem processes (or func- 
tions) was recognized by mid-twentieth-century researchers'’, and ori- 
ginally dates back to Darwin'*"*. The recent interest in this topic is due 
to the realization that sustained loss of biodiversity could affect ecosys- 
tem functioning and the services derived by humans'~*. Meta-analysis 
of the results of the first generation’ of experimental research on bio- 
diversity and ecosystem functioning has revealed that individual eco- 
system processes generally show a positive but saturating relationship 
with increasing diversity, although the mechanisms underlying these 
relationships are still under debate’ *. The saturating relationship sug- 
gests that some species are redundant with respect to a single function. 
However, short-term studies only address the effect of biodiversity on 
ecosystem functioning at a given point in time and under a given set of 
conditions. Some experimental results'*”” suggest that biodiversity can 
sometimes have an insurance value” by buffering ecosystem-level pro- 
cesses in a way analogous to that in which diverse investment portfolios 
spread financial risk and improve average performance in the longer 
term*’*’, Nevertheless, all of the research to date considers ecosystem 
processes examined individually, despite the fact that most ecosystems 
are managed or valued for several ecosystem services or processes: so- 
called ecosystem “multifunctionality’’. If it is the case that a single 
species, or group of species, controls ecosystem functioning, then the 
remaining species are functionally redundant. Although it seems 
unlikely that a single species could control all ecosystem processes, it 
is possible that a single group of species may. However, if there is 
appreciable lack of overlap in the groups of species that influence dif- 
ferent ecosystem processes, then higher levels of biodiversity will be 
required to maintain overall ecosystem functioning than indicated by 
analyses focusing on individual ecosystem processes in isolation. 


To address the question of ecosystem multifunctionality, we used 
published data'®'' on seven ecosystem processes and properties (for 
brevity, hereafter processes) measured by the BIODEPTH project. 
BIODEPTH comprised a consortium of eight co-ordinated bio- 
diversity experiments that manipulated plant diversity at different 
European grassland sites and monitored the response of a variety of 
ecosystem processes’. The ecosystem variables used for this analysis 
were above- and below-ground net biomass production, the pool of 
nitrogen in above-ground vegetation, resource levels above- (light 
interception) and below-ground (soil mineral nitrogen) and decom- 
position of lignin and cellulose (see Methods). 

In the first stage of this analysis, we identified sets of species that 
had effects on each ecosystem process, using an information theoretic 
approach. For each site, we performed a backward-deletion multiple 
regression that included contrasts for the presence/absence of each spe- 
cies, and used the Akaike Information Criterion (AIC) to identify the 
most parsimonious set of species that influenced each ecosystem process 
(our results were robust to the inclusion of pairwise interactions, the 
exclusion of data from monoculture plots, and the use of an alternative 
information criterion: see Methods and Supplementary Information). 
For each ecosystem process at each site, we then selected the subset of 
species with effects on processes that would usually be considered desir- 
able from an ecosystem services perspective. These were species with 
positive effects for all functions, except for soil inorganic nitrogen and 
light availability at ground level, where negative effects are consistent 
with lower levels of unconsumed resources and therefore greater uptake 
and less potential for nitrate leaching. We then analysed the resulting 
species counts for differences between sites and processes. 

There were some differences between sites and processes in the num- 
ber of species, x, that affected functioning (Fig. 1), although analysis of 
the results of the AIC multiple regressions revealed that the differences 
between processes were not strong enough to be conventionally signifi- 
cant (Poisson analysis of deviance: 7’, = 10.5, P= 0.10). The average 
number of species affecting a single ecosystem process, x, ranged from 
3.2 to 6.6 species depending on experimental site (Table 1), although 
these differences between experiments were also not conventionally sig- 
nificant ( 07 = 13.3, P= 0.07). The total number of species with effects 
on one or more ecosystem process at a site ranged from 8 to 18 (Table 1). 
This variation between experiments probably arises from a mixture of 
biological and design differences: they may partly reflect variation in the 
size of the species pools at the different sites, as those with the highest 
numbers of species with effects on functioning were also those with the 
largest species pools (see Methods and Supplementary Information). 

We next looked at the overlap in these sets of species at each site that 
had AIC-detectable effects in the desirable direction on the different 
ecosystem processes. To do this we calculated the overlap, o, in the sets 
of species influencing each pair of processes, using Sgrenson’s index: 


oe BIN 
~0.5(IE|+|E})) 


where |£;| is the number of species contributing to process i and 


(1) 
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Figure 1| Number of species with desirable effects on the suite of ecosystem 
processes measured in the different BIODEPTH project experiments. The 
number of species was identified by the AlC-based multiple regression (and 
species with effects with undesirable signs were then excluded). 


EME;| is the number of species that contribute to both processes i 
and j. The average proportional overlap between the sets of species 
influencing a pair of processes, 0, ranged from 0.19 to 0.49 (Table 1) 
although these differences in 6 between sites were not significant 
(quasi-maximum likelihood binomial analysis of deviance: F7,41; = 
1.08, P = 0.38). We identified the single most important species affect- 
ing each process from the multiple regression minimally adequate 
model estimates, and calculated a simple measure of turnover as the 
proportion of ecosystem processes with different most-important 
species (the number of processes divided by the number of different 
species; where the maximum possible value of 1 indicates that the 
identity of the most important species differs for each process). 
Turnover in the most important species was generally high, ranging 
from 0.67 to 1, with an average of 0.78 (Table 1). 

In the second stage of the analysis, we took the multiple regression 
results and examined how the number of species affecting functioning 
changed as more processes were considered. We took the subsets of 
species that had detectable and desirable effects on the ecosystem process 
(or combination of processes) in question at each site, and calculated 
how many species affected functioning for every possible combination of 
ecosystem processes (that is, all pair-wise combinations, each combina- 
tion of three, and so on). Figure 2 plots all possible combinations of 


Table 1| Summary of ecosystem multifunctionality analysis 
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Figure 2 | Positive relationship between the range of ecosystem processes 
considered and the number of species that affect one or more aspect of 
ecosystem functioning. The points (jittered for clarity) show numbers of 
species required for all possible combinations of ecosystem processes. Lines 
are theoretical predictions from the model based on the average number of 
species required for a single process, x, and the average overlap in the sets 
of species required for each pair of processes, 0, using equation (2). 


ecosystem processes, to explore the complete range of behaviour 
observed in our experiments. At all sites, the envelope of points forms 
a concave-up curved wedge, with the apex determined by the number of 
species required for all functions, and the shortest side of the wedge given 
by the range of values observed for single ecosystem processes (Table 1). 
We also predicted how many species on average affect ecosystem func- 
tioning as numbers of processes increase, based on only the mean num- 
ber of species with effects on a single ecosystem process, x, and the mean 
average pairwise overlap, 0. The average number of species, S;, required 
for E processes was predicted as (see Methods for a derivation): 


Sp= s (xo (2) 


i=l \F 


Predictions of S; for each site are plotted as curves in Fig. 2. These 
curves are the average predictions given the simplifying assumptions 
made by using x and 0. The spread of the points around the curves 
reflects differences in x for different processes and the variation in 0 
for different pairs of processes. Two null hypotheses illustrate some 
extreme cases within the range of possible behaviour. At one extreme, 
if each species influences only a single process (0 = 0), and each 
process is only affected bya single species, it would generate a positive 


Site Number of Number of Number of species = Turnover Mean number of species Mean overlap between 
processes species for all processes per process, xX process pairs, 0 

Germany 5 31 (24) 17 0.80 6.6 (4.6-9.1) 0.32 (0.19-0.47) 
Greece 7 23 (19) 15 0.57 5.4 (3.9-7.3) 0.37 (0.26-0.48) 
lreland 5 12 (11) cel 1.00 3.2 (1.9-5.0) 0.19 (0.06-0.39) 
Portugal 6 14 (11) 9 0.67 3.7 (2.3-5.4) 0.40 (0.25-0.57) 
Sheffield 4 12 (12) 8 1.00 3.3 (1.8-5.3) 0.31 (0.10-0.59) 
Silwood 7 34 (24) 13 0.86 4.0 (2.7-5.7) 0.24 (0.17-0.40) 
Sweden 6 12 (12) 8 0.67 3.8:(2.5-5:6) 0.49 (0.33-0.65) 
Switzerland 7 48 (33) 18 0.71 5.7 (4.1-7.7) 0.33 (0.23-0.44) 
‘Number of processes’ is the number of ecosystem processes measured per site. ‘Number of species’ is the number of species originally sown; shown in parentheses is the number present in biomass 


samples in year three of the experiment. ‘Number of species for all processes’ is the total (cumulative) number of unique species with AlC-detectable effects on at least one ecosystem process. ‘Turnover’ is 
the proportion of ecosystem processes with different most important species, as explained in the main text. Definitions of x and 0 are given in the main text; numbers in parentheses are the 95% confidence 


intervals. 
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linear relationship with a slope of x = 1 (one species to one process). 
On the other hand, if all ecosystem processes are influenced by the 
same subset of species (0 = 1), the slope would be zero with the 
intercept indicating the size of the group of species that affects eco- 
system functioning. All observed relationships lie between these two 
extremes, showing a positive but saturating relationship between 
increasing numbers of ecosystem processes and the total number of 
species that influence ecosystem functioning (Fig. 2; Table 1). 

Our study of ecosystem multifunctionality has limitations that 
should be addressed by future research. For example, the types of eco- 
system stocks and flows analysed by the first generation of research on 
biodiversity and ecosystem functioning can be seen in some ways as the 
more-accessible ones. It would be interesting to repeat a similar analysis 
for an ecosystem where attempts had been made to identify and measure 
all of the ecosystem services considered important from a management 
perspective, and where the effects of all species could be precisely esti- 
mated with a well-replicated balanced design. Our study also manip- 
ulates only plant diversity, and our analysis therefore almost certainly 
underestimates levels of diversity needed for ecosystem multifunction- 
ality. Our results will reflect the effects of other groups of organisms on 
ecosystem processes to the degree that the manipulation of plant species 
had knock-on effects to other groups, such as bacteria and mycorrhiza, 
but our study does not directly address the functional role played by 
these and other important groups. Better assessments of ecosystem 
multifunctionality could be made by manipulating multiple trophic 
levels simultaneously, and especially by studies that include groups such 
as microbes that are known to drive many ecosystem processes. 

To our knowledge, our study is the first to quantitatively address 
the effects of biodiversity on multiple ecosystem processes simulta- 
neously. Analysis of single ecosystem processes in isolation generally 
reveals a positive but saturating relationship with increasing biodi- 
versity. Our analysis of ecosystem multifunctionality reveals that 
different processes are not affected by exactly the same species. 
Because different species affect different processes, maintaining mul- 
tifunctional ecosystems will require greater biodiversity than sug- 
gested by studies focusing on single ecosystem processes in isolation. 


METHODS SUMMARY 

Ecosystem processes. The ecosystem process data used in our analysis are avail- 
able online (http://www.esapubs.org/archive/mono/M075/001/suppl-1.htm) from 
Ecological Archives'®"’ (see Methods). 

Identifying species effects on ecosystem processes. At each site, we identified the 
most parsimonious set of species influencing each ecosystem function using a back- 
ward-elimination multiple regression analysis to identify a minimally adequate 
model” based on AIC. We used the stepAIC function in the MASS library” imple- 
mented in R 2.4.1°7. Models including pairwise interactions between species or 
excluding data from monocultures produced qualitatively similar results (Sup- 
plementary Information). We used an information-theoretic approach rather than 
one based on probability because information criteria have several advantages for 
the type of complex multiple regression analysis performed here** (Supple- 
mentary Information). Many alternative information criteria exist”*’°. We present 
results for AIC, as it is reputed to have the most solid foundation in theory and the 
best analytical behaviour’’, but analysis using the Bayesian Information Criteria 
(BIC) produced qualitatively similar results (Supplementary Information). 
Ecosystem multifunctionality analysis. The mean number of species required 
per ecosystem process, X, was estimated for each site using a Poisson generalized 
linear model analysing the main effects of site and process. The mean propor- 
tional overlap between the sets of species influencing each pair of processes, 0, 
was estimated for each site using a quasi-maximum likelihood version of the 
binomial generalized linear model to account for under- or overdispersion”’. 
The relationship between the number of processes and the average number of 
species with effects on functioning was then predicted using equation (2). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

The BIODEPTH experiments. The BIODEPTH experiments were primarily 
designed to look at the influence of species and functional group richness on 
ecosystem processes. Random selection of species to form these gradients resulted 
in unequal replication for different species meaning that their effects are estimated 
with differing precision. The size of the species pool at each site reflected variation 
in background levels of diversity at the different grassland sites that provided the 
models for the experimental systems, and the highest level of diversity used in the 
species richness gradients was intended to approximate average levels of diversity 
in these surrounding natural grasslands*'. Experiments at sites with larger pools 
tended to havea smaller proportion of species that were present in many plots and 
a larger proportion with lower replication because the experiments were of similar 
size regardless of the differences in the sizes of the species pool. The analyses 
presented in the main text use the whole diversity gradients, including mono- 
cultures, but the results are robust to their exclusion (see below). 

Ecosystem processes. The data for the seven ecosystem processes used in our 
analysis are from year three of the BIODEPTH project, and comprise measure- 
ments of: (1) above-ground (shoot) biomass ; (2) below-ground (root) biomass; 
(3) total nitrogen pools in above-ground vegetation; (4) soil mineral nitrogen 
(nitrate + ammonium); (5) percentage of transmitted photosynthetically 
active radiation (PAR) at ground level; (6) decomposition (per cent per day) 
of wooden sticks (lignin); and (7) decomposition (per cent per day) of cotton 
strips (cellulose). 

Identifying sets of species that affect ecosystem processes. Before model fitting, 
the response variables were transformed as indicated by the Box-Cox function in 
the MASS library for S-Plus and R”. All ecosystem process variables (for brevity 
we use ecosystem processes to refer to both stocks and flows) were natural log 
transformed, except above-ground biomass (cube root) and soil inorganic N 
(untransformed). We performed single degree of freedom contrasts for the main 
effects of individual species at a given site within a backward-elimination multiple 
regression analysis, based on minimization of AIC, using the stepAIC function in 
the MASS library”® implemented in R 2.4.1’. Starting with a full model that 
contained a main effect for the presence/absence of every species at a given site, 
each species was removed from the model in turn and the AIC calculated. The AIC 
values of the resulting models were compared, and the species whose exclusion led 
to the greatest improvement (reduction) in the AIC value was permanently 
excluded. This was repeated until dropping any of the remaining species increased 
the AIC, at which point a minimally adequate model” had been selected based on 
AIC which identified the most parsimonious set of species influencing the eco- 
system process in question. Models that included pairwise interactions between 
species or which excluded data from monocultures produced qualitatively similar 
general results (Supplementary Information). The AIC is defined as: 


AIC = —2In(L) + 2k 
where L is the model maximum likelihood (and —2In(L) the deviance) and k is 
the number of model parameters. Schwartz’s Bayesian Information Criterion 
(BIC), which has a harsher penalty for complexity and therefore tends to select 


simpler models, is defined as: 


BIC = —2In(L) + In(n)k 
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where is the sample size. We chose to repeat the analysis with the BIC because it 
is probably the most widely used alternative to AIC, and because the BIC and AIC 
come from different classes of information criteria (the dimensional-consistent 
and efficient classes, respectively). 

Ecosystem multifunctionality analysis. The mean number of species required 
per ecosystem process, X (with 95% confidence intervals), was estimated for each 
site using a Poisson generalized linear model analysing the main effects of site 
and process. The mean proportional overlap between the sets of species influ- 
encing each pair of processes, 6 (and 95% confidence intervals), was estimated 
for each site using a quasi-maximum-likelihood version of the binomial general- 
ized linear model to account for under- or overdispersion*. Once x and 6 
had been estimated, the relationship between the number of processes and 
the average number of species with effects on functioning was predicted using 
equation (2). 

Predicting the number of species required for a given number of ecosystem 
processes. We estimated the expected number of species required for a given 
number of ecosystem processes using set theory. Given E sets (each comprising 
the species providing a given ecosystem process), the number of elements of 
the union of the sets can be defined according to the inclusion-exclusion 
principle** as 


JAAUAU...U4el= So |Al— SO AM 4gl4 SD [A NAR ABI- 
1<i<E 1<i<i<E 1<i << <E 
+(-1)8 MA NAN... OAs (3) 


We simplified equation (3) by making two assumptions. First, that all processes 
were controlled by the same number of species (that is, |A;| =x, for all iwhere xis 
a constant). Second, that the overlap between the species contributing to pairs of 
processes, 0, was also the same for all species pairs (that is, AiMA\| =o, for alli 
and j, where o is a constant). Under these assumptions, and _ setting 
Se=|A;\UA.U...UAg|, equation (3) simplifies to: 


sea (2)a-(2)not (Ped... H(-9®9(E)al9 


For each site, we estimated the constants x and o from the data as the mean 
number of species per ecosystem process (x) and the mean proportion of species 
shared between pairs of processes (0), respectively. Simplifying equation (4) and 
replacing x and o with X and 6 results in equation (2) in the main text. Note that 
equation (2) in the main text can be simplified algebraically to: 

x =\E 
ree (1—0)") (5) 


0 


This form can be used to infer the number of species that would theoretically 
provide all ecosystem processes by setting E to ™: 

x-(1—(1—0)* 
ie) 
E>2 oO 


(6) 
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Derivation of pluripotent epiblast stem cells from 


mammalian embryos 


|. Gabrielle M. Brons', Lucy E. Smithers”, Matthew W. B. Trotter”, Peter Rugg-Gunn'+, Bowen Sun’, Susana M. Chuva 


de Sousa Lopes’, Sarah K. Howlett*, Amanda Clarkson”, 


& Ludovic Vallier’ 


Although the first mouse embryonic stem (ES) cell lines were 
derived 25 years ago’” using feeder-layer-based blastocyst cul- 
tures, subsequent efforts to extend the approach to other mam- 
mals, including both laboratory and domestic species, have been 
relatively unsuccessful. The most notable exceptions were the 
derivation of non-human primate ES cell lines’ followed shortly 
thereafter by their derivation of human ES cells*. Despite the 
apparent common origin and the similar pluripotency of mouse 
and human embryonic stem cells, recent studies have revealed that 
they use different signalling pathways to maintain their pluripo- 
tent status. Mouse ES cells depend on leukaemia inhibitory factor 
and bone morphogenetic protein, whereas their human counter- 
parts rely on activin (INHBA)/nodal (NODAL) and fibroblast 
growth factor (FGF). Here we show that pluripotent stem cells 
can be derived from the late epiblast layer of post-implantation 
mouse and rat embryos using chemically defined, activin- 
containing culture medium that is sufficient for long-term main- 
tenance of human embryonic stem cells. Our results demonstrate 
that activin/Nodal signalling has an evolutionarily conserved role 
in the derivation and the maintenance of pluripotency in these 
novel stem cells. Epiblast stem cells provide a valuable experi- 
mental system for determining whether distinctions between 
mouse and human embryonic stem cells reflect species differences 
or diverse temporal origins. 

We initially determined that prolonged culture of human ES cells 
in chemically defined medium® (CDM) containing activin A and 
FGF2 (CDM/AF) maintained their fundamental characteristics 
(See Supplementary Data). We then tested similar conditions for 
derivation of pluripotent cells from pre- and post-implantation 
rodent embryos. Isolated inner cell masses (ICM) grown in CDM/ 
AF never gave rise to pluripotent cell lines, but underwent rapid 
differentiation (Table 1 and Supplementary Fig. 2). In contrast, when 


Table 1| Efficiency of derivation of EpiSCs from mouse and rat embryos 


Lars Ahrlund-Richter®, Roger A. Pedersen’ 


late epiblast layers were dissected from pre-gastrulation stages (5.75 
days post coitum (d.p.c.)/embryonic day (E)5.75) for a B6 X CBA F, 
genetic background or 6.5 d.p.c. for a NOD genetic background) and 
cultured for 24h in CDM/AF, they formed colonies of compact cells 
with high nucleo—cytoplasmic ratios (Fig. 1c), a characteristic trait of 
pluripotent stem cells. Cells on the periphery started to differentiate 
the following day, producing a broad ring of stromal cells surround- 
ing smaller aggregates of compact cells, which grew to form larger 
colonies of compact cells 4—5 days later (Fig. la—j). Such colonies 
were picked, fragmented into smaller clumps using collagenase and 
mechanical dissociation, and similarly passaged at 5-day intervals. 
Immunostaining after 20 passages showed that these colonies of 
compact cells expressed the pluripotency markers Oct-4 (Pou5f1), 
Nanog and SSEA-1 (Fut4). They were designated epiblast stem cells 
(EpiSCs) on the basis of their origin from pure late epiblast cell layers. 
The high rate of derivation (83% for B6 < CBA F, background and 
93% for the NOD genetic background; Table 1) was striking for 
strains considered ‘non-permissive’ for mouse ES cell derivation’. 
Expression of Oct-4, Nanog and SSEA-1 approached 95% and was 
maintained for more than 40 passages (Fig. 1k; Supplementary Fig. 
3), suggesting that EpiSCs represent a near-homogenous population 
of pluripotent cells. 

EpiSCs grew as flat, compact colonies and were thus morphologi- 
cally distinct from mouse ES cells, which form rounded colonies 
(Fig. 1k). Unlike mouse ES cells, passaging of EpiSCs using trypsin 
or other single-cell dissociation methods induced widespread cell 
death. No EpiSC lines could be derived in the presence of LIF and/or 
BMP4 (Supplementary Fig. 4a), the two factors required for mouse ES 
cell derivation and self-renewal. On the other hand, the activin receptor 
inhibitor SB431542 induced rapid differentiation of EpiSCs (Supple- 
mentary Fig. 3 and Supplementary Fig. 4b), showing that EpiSC plur- 
ipotency depends strictly on activin/Nodal signalling. Finally, mouse 


Number of epiblasts d.p.c. Temperature Matrix Growth factors added to CDM Lines derived Rate (%) 
Mouse Rat Mouse Rat 
B6x CBA NOD Wistar Sprague-Dawley B6 x CBA NOD Wistar Sprague-Dawley 
32 3.5; 37°C Fibro Activin + FGF2 0 0 
6 575 37°C Fibro Activin + FGF2 5 83 
9 65 37°C Fibro Activin + FGF2 9 100 
5 65. 37°C Fibro Activin + FGF2 + noggin 4 80 
14 775 38°C FCS Activin 4 28.5 
20 715. 37°C Fibro Activin 1 5 


'Department of Surgery and Cambridge Institute for Medical Research, Addenbrooke's Hospital, University of Cambridge, Cambridge CB2 OXY, UK. 7CR-UK Viral Oncology Group, 
Wolfson Institute for Biomedical Research, UCL, Cruciform Building Gower Street, London WCIE 6BT, UK. *Wellcome Trust/Cancer Research UK Gurdon Institute of Cancer and 
Developmental Biology and Department of Physiology, University of Cambridge, Tennis Court Road, Cambridge CB2, 1QR, UK. “Juvenile Diabetes Research Foundation/Wellcome 
Trust Diabetes and Inflammation Laboratory, University of Cambridge, Cambridge CB2 OXY, UK. °Medical Genetics Department Cambridge University Hospital NHS Foundation 
Trust, Kefford House Maris Lane Cambridge CB2 2FF, UK. °Dept of Laboratory Medicine Clinical Research Centre, Karolinska University Hospital Karolinska Institutet 141 57 
Stockholm, Sweden. +Present address: Hospital for Sick Children, Toronto Medical Discovery Tower 101 College Street, Toronto, Ontario M5G 1L7, TMDT, Canada. 
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EpiSCs could be derived in CDM supplemented with activin alone 
(data not shown), indicating that FGF was not strictly required during 
this process. However, FGF improved the overall quality of the cul- 
tures, suggesting that it reinforces the efficiency of activin signalling, 
as in human ES cells’. Taken together, these observations show that, 
despite their expression of standard markers of pluripotency, mouse 
EpiSCs differ significantly from mouse ES cells in their growth factor 
dependence, their colony morphology, and in being averse to pas- 
saging as single cells. Importantly, EpiSCs were also derived from rat 
embryos (which have not previously yielded ES cells through conven- 
tional derivation methods) at pre-gastrulation stages (E7.5—7.75) (Fig. 
la-j, Fig. 1k and Supplementary Information), suggesting that activin/ 
Nodal signalling may have a broader role than that of LIF and BMP4 in 
maintenance of pluripotency in embryonic stem cells. 

We characterized EpiSCs and their differentiated progeny using 
both quantitative (Q-PCR) and qualitative (PCR, immunostaining) 
methods. (Because of the apparent similarity of mouse and rat 
EpiSCs, we focused this further characterization on mouse EpiSCs, 
except where noted). EpiSCs expressed higher levels of Oct-4 and 
Nanog and similar levels of Sox2 as compared with mouse ES cells 
(Fig. 2a). Conversely, EpiSCs did not express Rex! (Zfp42), a specific 
marker of the ICM® that is silenced in early epiblast cells just after 
implantation but is expressed in mouse ES cells (Fig. 2a). EpiSC 
transcript levels for Gbx2, a marker of mouse ICM and ES cells, 
was one fourth that of mouse ES cells (Supplementary Fig. 5a). On 


Dissected mouse 
epiblast 


Mouse embryos 


Mouse epiblast colony Mouse epiblast colony 
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the other hand, transcripts coding for FGF5 and Nodal, two genes 
specifically expressed in the late epiblast layer* after implantation, 
were clearly detected in EpiSCs, in contrast to their low levels in 
mouse ES cells (Fig. 2a). Interestingly, early primitive ectoderm-like 
(EPL) cells that were established by growing mouse ES cells in 
HepG2-conditioned medium in the absence of LIF’ also express 
FGF5, but not Rexl. However, EPL cells revert to ES cells in the 
presence of LIF—which is not possible with EpiSCs (data not 
shown)—and EPL cells are unable to differentiate in vitro into 
extra-embryonic tissues, which can be generated from EpiSCs grown 
in the presence of BMP4 (see below), thus excluding the possibility 
that EpiSCs are EPL cells. Curiously, alkaline phosphatase activity, 
which generally marks pluripotent cells (including human ES cells 
and mouse ES cells), was present in the late epiblast layer itself, but 
disappeared abruptly on culture and was undetectable in EpiSCs 
(Fig. 2b; Supplementary Fig. 5b). The lack of alkaline phosphatase 
activity also distinguishes EpiSCs from germ cells because the activity 
persists in primordial germ cells'®"' in the gastrulating embryo’” and 
in their in vitro derivatives, the embryonic germ cells. In addition, 
EpiSCs did not express germ cell markers such Blimp! and Stella 
(Supplementary Information), thereby confirming that EpiSCs are 
not derivatives of primordial germ cells. 

To define further the molecular properties of EpiSCs, we performed 
a global analysis of their expression profile using gene expression 
microarrays. Expression profiles of EpiSCs were compared to those 


Mouse EpiSCs 


Rat embryos at 7.5 dpc Dissected rat epiblast 


Mouse EpiSCs 


Rat EpiSCs 


Figure 1| Derivation of pluripotent epiblast stem cells (EpiSCs) from the 

late epiblast layer of embryos at post-implantation stages. a—j, Successive 
stages in EpiSC derivation from mouse (top) and rat (bottom) embryos. 

a, f, Mouse and rat embryos at pre-gastrula stages (respectively, 5.75 d.p.c 

and 7.75 d.p.c). b, g, Pure epiblast layer obtained after removal of the extra- 
embryonic tissues. ¢, h, Epiblast layer grown for 24h in CDM supplemented 
with activin (and FGF2 for mouse embryos). d, i, Epiblast outgrowth after 

48h of culture. Arrows indicate compact colonies of undifferentiated cells 
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Rat epiblast colony 


surrounded by stromal cells. e, j, EpiSC colony after prolonged culture (32 
passages or 9 months for mouse EpiSCs; 7 passages or 2 months for rat 
EpiSCs). Scale bar, 100 tum. k, Expression of pluripotency markers in mouse 
ES cells, in mouse EpiSCs and in rat EpiSCs. Oct-4, Nanog and SSEA-1 
expression were analysed by immunofluorescence in the mouse ES cell 
(mESC) line R1 of 129 strain at passage (p)35, in mouse EpiSCs of the NOD 
genetic background at p20, and in rat EpiSCs of the Wistar strain at p15. 
Scale bar, 100 jim. Nuclei are shown by Hoechst staining. 
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of ICMs from mouse blastocysts, late epiblast cells from post- 
implantation mouse embryos, and mouse ES cells using multidimen- 
sional scaling (Fig. 2c). This showed that EpiSCs had fewer differences 
with dissected late epiblast than with ICM or mouse ES cells, suggest- 
ing that EpiSCs are transcriptionally similar to their embryonic 
tissue source. Despite sharing expression of core transcription factor 
circuitry with mouse ES cells, the EpiSCs established by culturing 
late epiblast layers in CDM/AF differ from mouse ES cells in other 
key attributes, suggesting that EpiSCs are a novel type of embryonic 
stem cell that closely resembles the late epiblast layer of the intact 
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Figure 2 | Embryonic identity of EpiSCs. a, Expression of pluripotency 
markers specific for pre- and post-implantation embryonic stages in mouse ES 
cells and in mouse EpiSCs. Q-PCR analyses were performed to detect the genes 
denoted in two mouse ES cell lines (R1 p14 and CGR8 p25), and in 2 mouse 
EpiSC lines (B6.10a p38, NOD21 p26). Expression for each denoted gene was 
normalized with B2m (beta-2 microglobulin) and the resulting comparative 
levels, calculated from cycle thresholds, are indicated. Similar results were 
obtained in three independent experiments and error bars indicate their 
standard deviation. b, Absence of alkaline phosphatase activity in EpiSCs. 
Enzymatic activity for alkaline phosphatase was analysed in mouse epiblast 
cultured for 12h after dissection and mouse EpiSCs of B6 X CBA F, genetic 
background (left and middle panels). Human (h)ESCs were used as positive 
controls (right panel). Scale bar, 100 lum. ¢, Comparison of expression profiles 
of ICM from embryos at the blastocyst stage, late epiblast from embryos at 
post-implantation stages, mouse ES cells and mouse EpiSCs. Microarray 
analysis of the transcriptional profile of ICM (mICM), epiblast (mEpi), mouse 
ES cells (mESCs) and mouse EpiSCs (EpiSC) were compared using an MDS 
plot (see Supplementary Information for full details of analysis). 
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post-implantation mouse embryo from which they have been 
derived. 

To assess the extent of pluripotency of EpiSCs, we used a com- 
bination of in vivo and in vitro assessments involving ectopic 
transplantation, chimaera production, and embryoid body forma- 
tion to examine their differentiative potential. EpiSC colonies 
injected into the testis capsule of immunodeficient mice were capable 
of forming teratomas containing a wide variety of tissues, including 
muscle, cartilage, neuronal rosettes, liver and gut (Fig. 3a—d), thereby 
reaffirming the multi-lineage pluripotency of EpiSCs. Next, their 
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Figure 3 | EpiSCs are capable of differentiating into the three primary germ 
layers in vitro and in vivo. a, Teratomas from mouse EpiSCs. 

a-d, Differentiated derivatives of all three embryonic germ layers. Areas 
enclosed in boxes in a are enlarged in panels b (neuronal ganglion), 

c (striated muscle) and d (gut epithelium with Goblet cells). Scale bar, 

100 um. e, Expression of mesendoderm and neuroectoderm markers in 
differentiated derivatives of EpiSCs. EpiSCs (NOD21 p20) were grown in 
culture conditions inducing neuroectoderm or mesendoderm 
differentiation. Expression of brachyury, Sox17, BIL tubulin, Sox1 and 
nestin was then analysed by immunostaining. Scale bar, 50 um. 
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capacity for integration into pre-implantation-stage mouse embryos 
was examined by injecting EpiSCs into mouse blastocysts or by 
aggregating mouse embryos at the 8cells or morula stage with 
EpiSC clumps (see Supplementary Information). Only two chimaeras 
were obtained out of 385 injected blastocysts, and germline transmis- 
sion was not observed. Together these results suggest that, unlike the 
case for mouse ES cells, the pre-implantation embryo does not rep- 
resent a compatible environment for EpiSCs, possibly owing to a 
developmental asynchrony that limits the ability of EpiSCs to colonise 
the host embryos. Alternatively, sparse chimaerism could be explained 
by a limited capacity of EpiSCs for development into early cell 
lineages. 

Accordingly, to examine their differentiative capacity in greater 
detail, we determined whether EpiSCs could differentiate into a 
wide variety of cell types in vitro. Differentiation was achieved either 
by growing EpiSC colonies as embryoid bodies (Supplementary 
Information) or by differentiating them as monolayers into meso- 
derm, endoderm and ectoderm cells using a protocol devised for 
human ES cells (L. V., Touboul T., Chng, Z., Millan, E., Trotter, 
M., Weber, A. & R.A.P., unpublished observations). Generation of 
derivatives of the three germ layers was confirmed by the expression 
of early and late markers (Supplementary Fig. 7a) including brachy- 
ury (mesoderm), Sox17 (endoderm), Sox], nestin and B—II tubulin 
(neuroectoderm) (Fig. 3e). As a further assessment of their in vitro 
differentiative capacity, EpiSCs were exposed to BMP4, which has 
been shown to induce differentiation of human ES cells into prim- 
itive endoderm and trophectoderm’’. EpiSCs grown in CDM sup- 
plemented with BMP4 in the absence of activin signalling rapidly 
differentiated into cells expressing markers of primitive endoderm 
(Sox7, Gata4, Gata6) and trophectoderm (Cdx2, Hand1, Eomes, 
H19, «CG/Cga) (Supplementary Fig. 7b and 7c). Moreover, brachy- 
ury, Soxl7 and Mixll were not detected in these conditions (Sup- 
plementary Fig. 7b), suggesting that BMP4 is insufficient to drive 
differentiation of EpiSCs into mesendoderm. 

Finally, similar results were obtained with clonal sublines of mouse 
EpiSCs (Supplementary Information), demonstrating that single 
EpiSC cells were capable of recapitulating the entire range of differ- 
entiative outcomes and thereby ruling out the possibility of a mixed 
cell population with diverse capabilities. All together, these results 
demonstrate that EpiSCs were capable of differentiating into deriva- 
tives of all three primary germ layers and into extra-embryonic 
tissues in vitro. Such broad differentiative capacity reaffirms the 
pluripotent status of EpiSCs, thus leading to the conclusion that 
limited EpiSC contribution in chimaeras is attributable to develop- 
mental asynchrony. Taken together, these results demonstrate that 
pluripotent stem cells can be cultured from widely separated mam- 
malian species using chemically defined culture medium supple- 
mented with activin. On this basis, we conclude that the activin/ 
Nodal pathway has a central role in pluripotency of a new type of 
embryonic stem cells derived from mammalian embryos, specifically 
representing the late epiblast cell population just before gastrulation. 

EpiSCs differ from mouse ES cells not only in their embryonic 
tissue of origin but also in the signalling pathway maintaining their 
pluripotent status (activin/Nodal versus LIF). This dependence of 
EpiSC pluripotency on activin/Nodal signalling also highlights their 
resemblance to late epiblast in vivo. Indeed, recent publications have 
established that embryos mutant for Nodal lack the expression of the 
pluripotency markers Oct-4 and Nanog, instead ectopically expres- 
sing markers of anterior neuroectoderm*”*. Our results extend these 
recent findings by showing that activin/Nodal signalling not only is 
necessary for blocking neuroectoderm specification in vivo, but also 
that it is sufficient for maintenance of pluripotency in stem cells 
cultured from the late epiblast. The dependency of mouse ES cells 
on LIF signalling has focused attention on the early epiblast (E4.5 or 
equivalent) as their likely tissue of origin'®. This reflects the narrow 
temporal role of LIF/GP130 signalling, which is required for mouse 
ICM viability only during delayed implantation. Moreover, mouse 
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embryos that are homozygous mutants for Nodal” or its type I and II 
receptors'*!”, progress well beyond the blastocyst stage, arresting only 
at pre-gastrula stages, consistent with the hypothesis that LIF and 
activin/Nodal signalling immortalize stem cell populations at distinct 
developmental stages, namely, early and late epiblast, respectively. 

Intriguingly, EpiSCs share with human ES cells not only a depend- 
ence on activin/Nodal signalling but also other key differences from 
mouse ES cells that have previously been attributed to species diver- 
gence (flattened colony morphology, inefficient clonal propagation 
and a limited capacity for colonising pre-implantation embryos”). 
Moreover, despite having similar core transcription factor circuitry, 
human ES cells and mouse ES cells have substantially different target 
genes for Oct-4 and Nanog’'”’. Also, the epigenetic stability of 
human ES cells seems to be greater than mouse ES cells, as shown 
here and previously by their extent of monoallelic imprinted gene 
expression**”*, Finally, EpiSCs (like human ES cells'*?) have been 
shown to differentiate into trophectoderm in the presence of 
BMP4, whereas mouse ES cells have little or no capacity for contri- 
bution to either primitive endoderm or trophectoderm lineages in 
chimaeric embryos” and differentiate into trophectoderm only when 
their Oct-4 gene is mutated by homologous recombination’®. In 
summary, EpiSCs are temporally defined, embryonic stem cells 
that add a strategically important experimental system for under- 
standing the development of pluripotency. It has not escaped our 
attention that the unique properties of human ES cells, now seen to 
be shared with EpiSCs, could reflect a similar late epiblast origin. 
Understanding the relationships between cell-surface-mediated 
growth factor activities, core transcription factor circuitry and the 
epigenetic modifications accompanying pluripotency in EpiSCs 
could contribute significant insights to this issue. 


METHODS 


For derivation of EpiSCs, the late epiblast layer was dissected intact from pre- 
gastrula stage mouse [E5.75, (B6XCBA)F1 mated inter se; E6.5, NOD mated inter 
se] or rat [ E7.5-7.75 Wistar or Sprague Dawley] embryos after 15-20 min 
treatment at 4°C in Cell Dissociation Buffer (Gibco). Dissection was accomp- 
lished in Calcium and Magnesium free Flushing and Handling Medium using 
glass needles to completely separate the epiblast layer from the extraembryonic 
tissues. Epiblast layers were then placed in chemically defined medium (CDM)’, 
supplemented with Activin A (20ng/ml, RandD systems) and FGF2 (12 ng/ml, 
RandD systems). Every 4-5 days, cells were harvested using 5 mg/ml collagenase 
IV (Invitrogen) then plated into plates (Costar) pre-coated either with fetal 
bovine serum (FBS) or with 15 ttg/ml of human Fibronectin (Chemicon) for 
20 min at 37C and then washed twice in PBS. (Additional methods can be found 
in Supplementary Information). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

EpiSC and human ES cell culture in feeder-free and serum-free conditions. 
For feeder- and serum-free culture, human ES cells (H9 and H1; WiCell, 
Madison), hSF-6 (UCSF, San Francisco) and EpiSCs were grown in chemically 
defined medium (CDM)°, supplemented with activin (10 ng ml! for human ES 
cells; 20ngml~' for mouse and rat EpiSCs; RandD systems) and FGF2 
(12ngml', RandD systems for human ESCs and mouse Epi$Cs). The com- 
position of CDM was 50% IMDM (Gibco) plus 50% F12 NUT-MIX (Gibco), 
supplemented with 7pgml~! of insulin (Roche), 15pgml~! of transferrin 
(Roche), 450M of monothioglycerol (Sigma) and 5mgml~' bovine serum 
albumin fraction V (Europabioproducts). Every 4-5 days, cells were harvested 
using 5mgml ! collagenase IV (Invitrogen) or Accutase (BioWest) and then 
plated into plates (Costar) pre-coated either with fetal bovine serum (FBS) or 
with 15 pg ml | of human Fibronectin (Chemicon) for 20 min at 37 °C and then 
washed twice in PBS. EpiSCs and human ES cells were regularly frozen in a 
medium containing 90% Serum Replacer (Invitrogen) and 10% DMSO (Sigma). 
ICM immuno-surgery and epiblast dissection. For derivation at the blastocyst 
stage, ICMs were isolated from 3.5 d.p.c. blastocysts obtained from B6 X CBA F, 
mice mated inter se using immuno-surgery and then placed in CDM/AF on 
fibronectin. For derivation at post-implantation stages, the late epiblast layer 
was dissected intact from pre-gastrula stage mouse (E5.75, B6 X CBA F, mated 
inter se; E6.5, NOD mated inter se) or rat (E7.5—7.75 Wistar or Sprague Dawley) 
embryos after 15-20 min treatment at 4°C in Cell Dissociation Buffer (Gibco). 
Dissection was accomplished in calcium- and magnesium-free Flushing and 
Handling Medium using glass needles to completely separate the epiblast layer 
from the extra-embryonic tissues. Epiblast layers were then placed in CDM 
supplemented with growth factors (activin (20 ng ml™ ') and FGF2 (12 ngml- 1) 
for culture as above. 

Subcloning of EpiSCs. EpiSC colonies were dissociated into single cells after 
5 min of treatment in 0.05% Trypsin-EDTA (Gibco) at 37 °C. Individual cells 
were then seeded in three different culture conditions. Subcloning in CDM/AF 
on fibronectin never gave any EpiSC colonies, confirming that clonal propaga- 
tion efficiency of EpiSCs in chemically defined medium is very low. Two other 
approaches based on feeder cells were then used to generate EpiSC sublines. The 
first approach consisted of seeding individual NOD background EpiSCs on green 
fluorescent protein (GFP)-expressing EpiSC colonies that had been irradiated to 
block their proliferation. Using this approach, the clonal efficiency of EpiSCs was 
5%; three non-fluorescent colonies were picked and amplified to study their 
property of differentiation. Another method of subcloning consisted of seeding 
individual NOD background EpiSCs on a layer of irradiated mouse embryonic 
fibroblasts in CDM/AF. The clonal efficiency of EpiSCs in these culture condi- 
tions was ~ 15% with single cells seeded either by limiting dilution or using glass 
pipettes; 11 EpiSC sublines derived on mouse feeders were picked and amplified 
in CDM/AF to study their capacity to differentiate into the three germ layers and 
into extra-embryonic tissues. 
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New cell lines from mouse epiblast share defining 
features with human embryonic stem cells 


Paul J. Tesar’**, Josh G. Chenoweth'*, Frances A. Brook’, Timothy J. Davies’, Edward P. Evans, David L. Mack’, 


Richard L. Gardner* & Ronald D. G. McKay’ 


The application of human embryonic stem (ES) cells in medicine 
and biology has an inherent reliance on understanding the starting 
cell population. Human ES cells differ from mouse ES cells and the 
specific embryonic origin of both cell types is unclear. Previous 
work suggested that mouse ES cells could only be obtained from 
the embryo before implantation in the uterus’°. Here we show 
that cell lines can be derived from the epiblast, a tissue of the post- 
implantation embryo that generates the embryo proper. These 
cells, which we refer to as EpiSCs (post-implantation epiblast- 
derived stem cells), express transcription factors known to regu- 
late pluripotency, maintain their genomic integrity, and robustly 
differentiate into the major somatic cell types as well as primordial 
germ cells. The EpiSC lines are distinct from mouse ES cells in 
their epigenetic state and the signals controlling their differenti- 
ation. Furthermore, EpiSC and human ES cells share patterns of 
gene expression and signalling responses that normally function 
in the epiblast. These results show that epiblast cells can be main- 
tained as stable cell lines and interrogated to understand how 
pluripotent cells generate distinct fates during early development. 

At implantation, the embryo is composed of the epiblast, a 
pluripotent derivative of the inner cell mass (ICM), and the extra- 
embryonic ectoderm and endoderm tissues, which are fated to 


c Global gene expression correlation 


generate supporting structures such as the placenta and yolk 
sac° (Supplementary Fig. 1). Identified tissues from early post- 
implantation (embryonic day (E)5.5) mouse embryos were individu- 
ally explanted onto a feeder layer of irradiated mouse embryonic 
fibroblasts. Cells from the extra-embryonic ectoderm and endoderm 
generated distinct extra-embryonic fates (Supplementary Fig. 2). The 
epiblast, which generates all the cell types of the adult, efficiently grew 
as an epithelial colony when explanted and expressed transcription 
factors associated with pluripotency, such as Oct3/4 (also known as 
Pou5dfl) and Nanog (Fig. 1a and Supplementary Fig. 2)’. 

These primary epiblast explants could not initially be propagated with 
the protocol used to passage mouse ES cells but could be extensively 
passaged (>30) when a human ES cell procedure was used. Mouse ES 
cells typically grow in small, compact, domed colonies. EpiSC colonies 
were larger and grew as a monolayer similar to human ES cells, and 
continued to express genes associated with pluripotency (Fig. 1b and 
Supplementary Fig. 3). Gene expression was analysed by hybridization 
to probes that represent all the transcripts in the mouse genome. Cluster 
analysis showed that independently derived EpiSC lines were similar to 
each other and distinct from mouse ES cells (Fig. 1c). The pattern of gene 
expression in EpiSCs was consistent with that of the post-implantation 
epiblast and not the pre-implantation ICM (Supplementary Fig. 3)°. 


d_ Oct3/4 DNA binding 


Figure 1 | Cell lines from the E5.5 murine epiblast can be isolated and 
maintained in culture. a, Epiblast tissue (outlined in blue) was dissected 
from the E5.5 mouse embryo and cultured for 3 days. b, Morphology and 
Oct3/4 expression of cell lines from pre- (left) and post-implantation (right) 
mouse embryos. c, Whole-genome cluster analysis of transcripts from two 
independent mouse ES cell (mESC) lines, two independent EpiSC lines, and 
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mouse embryonic fibroblasts. Correlation coefficients are indicated. 

d, Representation of Oct3/4 binding (shown in red) to regulatory regions of 
pluripotency genes Nanog, Sox2 and Oct3/4. e, Quantification of Oct3/4 
distal enhancer (DE) and proximal enhancer (PE) reporter gene activity in 
mouse ES cells and EpiSCs. Data were obtained in triplicate and are 
presented as +s.d. 
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Chromatin immunoprecipitation combined with high density 
microarray (ChIP-on-chip) revealed that EpiSCs had key features of 
chromatin domains and transcription-factor-binding profiles that are 
restricted to pluripotent cells (Fig. 1d and Supplementary Fig. 4)”. 
Two different regulatory sites, the distal and proximal enhancers, direct 
expression of the Oct3/4 gene in the ICM and post-implantation epi- 
blast respectively’. Transfection of reporter constructs showed that the 
distal and proximal enhancers have reciprocal abilities to direct gene 
expression in mouse ES cells and EpiSCs. The ICM-specific distal en- 
hancer regulated expression in mouse ES cells and the epiblast-specific 
proximal enhancer promoted expression in the EpiSCs (Fig. 1d, e). 
This result shows that EpiSCs are distinct from mouse ES cells and 
capture transcriptional features of the post-implantation epiblast. 

Chimaeric mice are efficiently generated when mouse ES cells are 
introduced into the pre-implantation embryo. The developmental 
potential of EpiSCs was tested by injection into E3.5 host blastocysts. 
As judged by coat and eye colour contribution, no chimaeras were 
found among 35 pups from 49 injected and transferred blastocysts in 
two different experiments using two separate cell lines. During the 
course of these injections, typical chimaerism levels were obtained 
with mouse ES cells (40 chimaeras from 59 pups). Because EpiSCs 
do not survive well as single cells, we examined their potential to 
contribute to embryogenesis through morula aggregation. When 
aggregated with morulae (n = 23) and cultured for 24h, we saw no 
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Figure 2 | EpiSC lines are pluripotent and differentiate in vitro and in vivo. 
a, EpiSCs do not efficiently incorporate into the pre-implantation embryo 
after aggregation with morulae. Shown are resulting structures after 1 day of 
culture from an unaggregated control morula (a) and green fluorescent 
protein (GEP)* EpiSCs aggregated with individual morulae 

(a', a"). Schematics are shown to the right to highlight aggregation results. 
b, Haematoxylin and eosin stained histological sections of EpiSC-derived 
teratomas. Shown are, from left to right, epithelial rosettes, cartilage, and 
ciliated endothelium (black arrow) with secretory goblet cells (yellow 
arrow). ¢, Differentiated outgrowths from EpiSC embryoid bodies. Shown 
are markers indicative of neurons (neuronal specific B-III tubulin, Tubb3), 
astrocytes (glial fibrillary acidic protein, GFAP), cardiac muscle (cardiac 
specific troponin T, cInT; and Nkx2.5), and skeletal muscle (Nebulin). 
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indication that the EpiSCs could integrate effectively into the pre- 
implantation embryo (Fig. 2a). Strikingly, in the majority of cases, 
the cells impaired or delayed the development of the embryo. The 
EpiSCs either remained distinct from the embryo (Fig. 2a’, note that 
the embryo is delayed relative to normal development of the unag- 
gregated control in Fig. 2a) or were incorporated within the embryo 
but remained in the cavity of the blastocyst and not associated with 
ICM or trophectoderm (Fig. 2a’’). Native epiblast cells of the post- 
implantation embryo also do not incorporate into the ICM but are 
clearly pluripotent'*’*. Owing to cells of epiblast origin being incom- 
patible with the pre-implantation embryo environment, we tested 
the potency of our cells in two further ways. 

Teratomas, disorganized tumours containing multiple differentiated 
cell types, are formed when pluripotent cells are grafted into ectopic 
sites. EpiSCs efficiently formed teratomas from all injections (n = 12) 
into athymic nude mice. Teratomas contained extensively differen- 
tiated cell types including ganglion cells, cartilage, muscle, adipocytes, 
keratinocytes, ciliated endodermal epithelium with secretory goblet 
cells, epithelial rosettes, and gut (Fig. 2b and Supplementary Fig. 5). 

ES cells also differentiate effectively in culture when grown in 
suspension as aggregates. EpiSCs efficiently formed these embryoid 
bodies when grown in suspension, and culture of embryoid bodies in 
serum-free medium resulted in differentiation to predominantly 
neuroectodermal fates (Fig. 2c). Fetal bovine serum is known to 
promote mesodermal and endodermal differentiation’®. When 
embryoid bodies were generated from EpiSCs in the presence of 
fetal bovine serum, nearly all embryoid body outgrowths contained 
contracting cardiomyocytes. Cardiomyocyte differentiation was 
further confirmed by Nkx2-5 immunoreactivity and expression of 
a cardiac-specific isoform of troponin T (Fig. 2c). Multinucleated, 
nebulin-positive skeletal myofibres were also present (Fig. 2c). 
Endoderm-like cells with a characteristic morphology and expressing 
the transcription factors Gata6 and Sox17 were also observed (Sup- 
plementary Fig. 6). The embryoid body differentiation strategy also 
generated endothelial cells with a typical granular staining for von 
Willebrand factor (Supplementary Fig. 5). Although the plating effi- 
ciency was low (~1-4%), single EpiSCs could be subcloned. The 
differentiation repertoire of the clonal cell lines was indistinguishable 
from the parental line (Supplementary Fig. 6). These data show that 
EpiSCs have a wide developmental potency. 

To define better their developmental state, the pattern of gene 
expression in three independent lines of mouse ES cells and EpiSCs 
was assessed by hybridization to whole-genome expression arrays. 
The data show that Oct3/4, Nanog and Sox2 were expressed at equi- 
valent levels in mouse ES cells and EpiSCs (Fig. 3a). Transcripts from 
genes associated with the ICM such as Pecam1, Tbx3 and Gbx2 were 
expressed by mouse ES cells and significantly decreased or not 
detected in EpiSCs. Transcripts from genes associated with the epi- 
blast and early germ layers such as Otx2, Eomes, Foxa2, brachyury (T), 
Gata6, Sox17 and Cerl were expressed at higher levels in EpiSCs 
(Fig. 3a). Genes expressed in the epiblast and early germ layers were 
also detected in human ES cell cultures (shown in red in Fig. 3a), 
consistent with previous studies showing differences in gene express- 
ion between mouse and human ES cells’”"*. 

To confirm these differences, we performed ChIP-on-chip analysis 
using custom arrays to detect histone modifications indicative of 
gene induction (H3K4me3) and repression (H3K27me3)’. The chro- 
matin status around the transcriptional start sites was examined for 
the Stella (Dppa3), Otx2 and Nanog genes in mouse ES cells, EpiSCs 
and human ES cells (red circles in Fig. 3b and Supplementary Fig. 7). 
Consistent with its restricted expression to mouse ES cells, Stella was 
only associated with inductive H3K4me3 in those cells, whereas 
Nanog was associated with this mark in all three cell types. Otx2 
had the inductive mark in all three cell types but also the repressive 
H3K27me3 mark in mouse ES cells. These data show that EpiSCs and 
human ES cells have common mechanisms of epigenetic regulation 
of transcription, which are distinct from mouse ES cells. 
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Recent studies have suggested that Oct3/4, Nanog and Sox2, in 
concert with interacting proteins, constitute an autoregulatory, plur- 
ipotent network'’”’. Daxl (Nr0b1) has been identified as a central 
component of the protein interaction network and is required for the 
maintenance of mouse ES cells in culture’’’®, Although Oct3/4, 
Nanog and Sox2 were expressed at similar levels in mouse ES cells 
and EpiSCs, Dax1 was strikingly underexpressed in EpiSCs and 
human ES cells (Fig. 3a). Because EpiSCs and human ES cells differ 
significantly from mouse ES cells in their expression of this key com- 
ponent of the pluripotency network, we asked if the Oct3/4 targets 
differed. Genome-scale location analysis was used to identify Oct3/4 
targets in mouse ES cells, EpiSCs and human ES cells. The data 
confirmed previous studies showing limited overlap of Oct3/4 targets 
between mouse ES cells and human ES cells''’*, while showing a 
~7-fold greater overlap of Oct3/4 targets between human ES cells 
and EpiSCs (Fig. 3c). These data emphasize that distinct transcrip- 
tional networks operate to maintain pluripotency in epiblast-like cells. 

The origin of the germ line is an important issue in early embryology 
and in the biology of ES cells. Genes associated with the germ line, 
including Stella, Piwil2, Stra8 and Dazl were expressed by mouse ES 
cells and significantly decreased or not detected in EpiSCs and human 
ES cells (Fig. 3a). This difference in the expression of germ cell specific 
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occurs in a precise temporal and spatial manner beginning with 
Blimp1 (Prdm1) expression in a small number of cells in the posterior, 
proximal epiblast at E6.25 followed by upregulation of Stella around 
E7.25*'. The growth factor BMP4 has a central role in primordial germ 
cell differentiation**. When EpiSCs were treated with BMP4, Stella and 
Blimp1 were both induced in a temporal manner consistent with their 
specification in vivo (Fig. 3d). These data show that germ cell differ- 
entiation can be induced in EpiSCs and illustrates the value of EpiSCs 
as the proximal source of cells with restricted fates. 

The expression of specific genes suggests that mouse ES cells and 
EpiSCs are two distinct pluripotent states representing cells of the pre- 
implantation embryo and later epiblast cells. Activin A (Inhb)/Nodal 
signalling is known to maintain the undifferentiated state of human 
ES cells as well as mouse post-implantation epiblast cells in vivo. In 
contrast, mouse ES cells require LIF signalling through the gp130/LIF 
receptor to maintain the pluripotent state’®. The undifferentiated state 
of human ES cells does not require LIF signalling”’. Like human ES 
cells, blocking STAT3 phosphorylation at tyrosine 705 with a JAK 
inhibitor supported the undifferentiated state of EpiSCs (Fig. 4a, b 
and Supplementary Fig. 8)”*. A selective inhibitor of type I activin 
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Figure 3 | Mouse ES cells and EpiSCs have distinct gene expression. 

a, Normalized expression intensity values (scaled median ratio) were 
obtained from Agilent whole-genome microarrays. Gene names shown in 
red were detected in human ES cell cultures using Illumina and Agilent 
whole-genome microarrays. Three biological replicates were used for all 
three cell types. b, Representation of histone H3 methylation around the 
transcriptional start sites of Stella, Nanog and Otx2 in mouse ES cells, EpiSCs 
and human ES cells (hESCs). The complete region can be viewed in 
Supplementary Fig. 7. c, Venn diagram of the number of genes bound by 
Oct3/4 in mouse ES cells, EpiSCs, and human ES cells using Agilent ChIP- 
on-chip promoter arrays. d, Real-Time PCR analysis of Blimp1 and Stella 
expression following BMP4 treatment in EpiSCs. Data were obtained in 
triplicate and are presented as +s.d. PGC, primordal germ cell. 
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Figure 4 | Mouse ES cells and EpiSCs use distinct mechanisms to regulate 
pluripotency and differentiation. a, Western blot showing JAK inhibitor 
abrogation of STAT3 phosphorylation at Y705 in response to LIF. 

b, Quantification of plating efficiency in response to JAK inhibition in three 
separate mouse ES cell and two separate EpiSC lines. Data are presented as a 
percentage of the vehicle-treated control +s.d. (n = 4). Statistically significant 
P values are noted with an asterisk (*P < 0.05 and **P < 0.01). ¢, Whole- 
genome cluster analysis of transcripts from mouse ES cells and EpiSCs treated 
with the ALK inhibitor $B431542 (SB) and/or the JAK inhibitor (JI) for the 
indicated number of days. Correlation coefficients are indicated and represent 
the global level of similarity of gene expression among treated cell lines. 

d, Model of transitions in mouse ES cell and EpiSC developmental identity. 
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receptor-like kinases (ALK) 4, 5 and 7 (Acvr1b, Tgfbr1 and Acvrlc, 
respectively) showed that the activin/Nodal pathway maintains plur- 
ipotency in EpiSCs. Activin/Nodal inhibition promoted differenti- 
ation of EpiSCs because colonies adopted a rosette-like morphology 
characteristic of neural precursors, were negative for pluripotency 
markers, and expressed genes specific to neuroectodermal fates in 
3 days (Sox1, Pax6 and Nes; Supplementary Table 1). An additional 
day of differentiation resulted in expression of genes found in more 
mature neural cells (doublecortin, Dex, class II] B-tubulin, Tubb3; and 
tyrosine hydroxylase, Th; Supplementary Table 1 and Supplementary 
Fig. 8). The differentiation of EpiSCs and mouse ES cells was analysed 
by whole-genome expression when pluripotency signals were blocked 
with small-molecule inhibitors. Mouse ES cells maintained their plur- 
ipotency markers even when the activin/Nodal pathway was inhibited 
(Fig. 4c, Supplementary Fig. 8, and Supplementary Table 1)””. When 
both JAK and ALK inhibitors were used, mouse ES cells differentiated 
towards neuroectoderm and were most-closely related to EpiSCs 
treated with the ALK inhibitor alone (Figs 4c and Supplementary 
Table S1). Similar to EpiSCs, human ES cells also rapidly down regu- 
lated pluripotency genes and acquired neural characteristics when 
treated with the ALK inhibitor alone (Supplementary Fig. 8 and Sup- 
plementary Table 1). These data directly demonstrate that EpiSCs 
and human ES cells are functionally similar and specify their develop- 
mental relationship with mouse ES cells (Fig. 4c, d). 

Although the use of human ES cells promises substantial advances in 
developmental biology and medicine, the differences between mouse 
and human ES cells have hindered their use. The pluripotent epiblast 
tissue is composed of the most immediate precursors of the early 
somatic lineages as well as the germ line. The important point estab- 
lished by this manuscript is that stable cell lines obtained from the post- 
implantation epiblast of the mouse embryo will aid in understanding 
the precise controls that regulate the transition from pluripotency to 
specific cell fates. There is increasing evidence that human ES cells 
differentiate to clinically relevant fates*® and we propose a model that 
may accelerate efforts to realize their promise in medicine. 


METHODS SUMMARY 

Derivation and maintenance of cell lines from mouse post-implantation epi- 
blast. Egg-cylinder-stage embryos in which the pro-amniotic cavity was 
restricted to the embryonic portion of the conceptus were obtained at E5.5 
and dissected from their decidua in HEPES-buffered medium. Reichert’s 
membrane was reflected with forceps or glass needles, and a cut was made with 
a glass scalpel at the boundary between the extra-embryonic ectoderm and the 
epiblast. The epiblast was isolated with a hand-pulled glass pipette after trypsin/ 
pancreatin treatment. The isolated epiblast fragments were explanted one per 
1.9 cm? well onto feeders in medium that consisted of DMEM-F12 (Invitrogen), 
20% knockout serum replacement (KSR), 5ng ml ' FGF2 (R&D Systems), 
0.1 mM 2-mercaptoethanol (Sigma), 2 mM L-glutamine, and 1X non-essential 
amino acids (both from Invitrogen). EpiSCs were passaged every 2-3 days with 
collagenase type IV (Invitrogen) and triturated into small clumps. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Nomenclature. For clarity in this report, we refer to mouse ES cell lines derived 
from embryos prior to implantation in the uterus as ‘mouse ES cells’ and those 
reported herein from the epiblast of post-implantation mouse embryos as 
‘EpiSCs.’ 

Embryos. Natural matings were used for all experiments. Twelve hours from the 
middle of the dark period was termed embryonic day 0.5 (E0.5). Egg cylinder 
stage embryos in which the pro-amniotic cavity was restricted to the embryonic 
portion of the conceptus were obtained on E5.5 (+4h) from the 129SvEv 
(Taconic) or 129S2/SvHsd (Charles River) strains. Murine embryonic fibro- 
blasts (MEFs) were obtained from E13.5 fetuses from the PO or CF1 strain. 
Morulae and blastocysts for chimaera experiments were obtained from the 
MFI or ICR strain on E2.5 or E3.5. PO or ICR females made pseudopregnant 
by mating with vasectomised males were used as recipients for embryo transfer 
on E2.5. 

Mouse and human ES cell lines. Mouse ES cells mm10d, mm11e, mb1, ESF58/2, 
ESF122 and ESF175/1 were cultured on irradiated MEFs (feeders) with mouse ES 
cell medium, which consisted of Knockout DMEM (Invitrogen) supplemented 
with 15% fetal bovine serum (FBS) (Gibco) or Knockout Serum Replacement 
(KSR) (Invitrogen), 1 x 10° units ml! recombinant murine leukemia inhibitory 
factor (LIF) (ESGRO, Chemicon International), 2mM .-glutamine, 1x non- 
essential amino acids (both from Invitrogen), and 0.1 mM 2-mercaptoethanol 
(Sigma). Mouse ES cells were passaged every third day as a singe cell suspension 
using 0.25% trypsin/EDTA and seeded at 3.0 X 10‘ cells per cm” for routine 
culture. Human ES cell lines H9 (WiCell Research Institute; NIH Code WA09), 
hESBGN-03 (BresaGen, Inc.; NIH Code BG03), and HES-1 (ES Cell 
International; NIH Code ESO1) were cultured on feeders with human ES cell 
medium, which consisted of DMEM-F12 (Invitrogen), 20% KSR, 5ng ml! 
FGF2 (R&D Systems), 2mM t-glutamine, 0.1mM 2-mercaptoethanol, and 
1X non-essential amino acids. Human ES cells were passaged every 4—6 days with 
enzymes (1mgml | collagenase type IV and 1mgml ' dispase; both from 
Invitrogen) and triturated into small clumps of ~10—100 cells. MEFs were irra- 
diated with 30-60 gray and were seeded as feeders at a density of 4.8 X 10* cells per 
cm’ and 1.88 X 10* cells per cm? for mouse and human ES cell cultures respect- 
ively. MEFs and feeders were maintained with DMEM supplemented with 10% 
FBS, 2mM 1-glutamine, and 0.1 mM 2-mercaptoethanol. All cells were grown on 
Nunclon A -treated dishes or multiwell plates (Fisher Scientific) coated for 2 h at 
37°C with 0.1% (w/v) gelatin (Sigma). 

Derivation and maintenance of cell lines from mouse post-implantation epi- 
blast. E5.5 embryos were dissected from their decidua in HEPES-buffered med- 
ium*'. Reichert’s membrane was reflected with forceps or glass needles and a cut 
was made at the boundary between the extra-embryonic ectoderm and the 
epiblast with a glass scalpel. The embryonic fragment containing the epiblast 
and overlying visceral endoderm was incubated for 8 mins at 4 °C ina solution of 
0.5% trypsin and 2.5% pancreatin in PBS and subsequently returned to dissec- 
tion medium. The embryos were drawn into a hand-pulled glass pipette with a 
diameter slightly smaller than the fragment to peel away the visceral endoderm”. 
The isolated epiblast fragments were rinsed in ES cell medium and explanted one 
per 1.9cm? well. A variety of conditions were tested to maintain the epiblast 
explants in an undifferentiated, pluripotent state. Both mouse and human ES cell 
conditions were used along with the growth factors FGF2, activin A, BMP2 and 
BMP4 (all from R&D Systems), and murine LIF (Chemicon). The density of 
feeder cells was crucial to maintaining the epiblast cells in an undifferentiated 
state. A low feeder density resulted in differentiation into B-III tubulin* neurons, 
whereas a high feeder density resulted in endoderm-like differentiation around 
the edges of the colonies. Addition of 10 ng ml of activin A to epiblast explants 
on a low feeder density was sufficient to prevent neural differentiation. Higher 
concentrations of activin A resulted in differentiation. Addition of exogenous 
LIF did not drastically alter the cultures. Addition of 25 ng ml ' BMP2 or BMP4 
with or without LIF promoted differentiation. EpiSCs were optimally main- 
tained with human ES cell passaging methods and medium containing FGF2 
on a feeder density of 4.8 X 10‘ cells per cm’. EpiSCs were passaged every 2-3 
days. 

Small-molecule treatment. SB431542 was maintained as a 20 mM stock solu- 
tion in DMSO (vehicle) and was provided to the cultures at the time of plating 
and every 24h thereafter with the media change. JAK inhibitor I (Calbiochem 
420099) was maintained as a 10 mM stock in DMSO and provided every 24h. 
Plating efficiency assays and subcloning. To obtain a pure, single cell suspen- 
sion of mouse ES cells or EpiSCs, colonies were treated with 1.5mg ml! col- 
lagenase for 10 mins and dislodged from the feeder layer with gentle pipetting. 
Colonies were settled away from any remaining feeders by gravity in a conical 
tube. Colonies were then trypsinized for 3 mins and counted. For plating effi- 
ciency assays, cells were plated onto feeders in 1.9cm* wells at a density of 
100cells per cm* with vehicle or 0.64M JAK inhibitor I (n=4 wells per 
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condition for each cell line examined). mm11e, ESF122 and ESF175/1 were used 
for the mouse ES cell samples and EpiSC-5 and EpiSC-7 were used for mouse 
EpiSC samples. Colonies were counted 4 days later. Results are presented as 
mean + standard deviation. Treatments that significantly differed from controls 
were identified using a paired, two-tailed Student’s t-test (Microsoft Excel). 

For subcloning, EpiSC-5 P22 cells were individually plated (1 cell per well) onto 

feeders in wells of a 96-well plate with the addition of 0.4uM JAK inhibitor I. 
Five days later individual colonies were picked and dissociated in 8 pl drops of 
trypsin and plated into a fresh well of feeders. Clones were subsequently propa- 
gated using standard EpiSC passaging conditions. 
Analysis of genomic integrity. Chromosome preparation and G-banding was 
carried out as described previously”*’. For Comparative Genomic Hybridization 
(CGH) genomic DNA was isolated from cell lines or mouse liver using the 
Wizard Genomic DNA Purification Kit (Promega). Samples were processed 
for CGH analysis according to the Agilent Oligonucleotide Array-Based CGH 
Protocol Version 4.0. Briefly, 2.1 ug of genomic DNA was digested with Alu] and 
Rsal. Digested DNA was labelled with either Cy3-dUTP or Cy5-dUTP using the 
Agilent Genomic DNA labelling Kit PLUS for 2h, and purified with Microcon 
YM-30 filter units. Mouse 244A CGH arrays (Agilent) were hybridized with a 
labelled experimental sample and a labelled normal control sample. The control 
sample was isolated from liver of the same mouse strain as the experimental 
sample but was of opposite sex. The sex chromosome difference between the 
control and experimental samples was an internal control for the loss or gain of 
genetic material. Samples were hybridized for 40h at 65°C and washed with 
Agilent Oligo aCGH Wash Buffers 1 and 2. Processed arrays were scanned using 
an Agilent DNA microarray scanner controlled by Scanner Control Software 
v7.0 and the data were extracted using Agilent Feature Extraction Software 
v9.1. Data were analysed using CGH Analytics v3.4 (Agilent). 

Mouse and human ES cells are capable of maintaining a normal karyotype in 

culture but are susceptible to some specific chromosomal abnormalities of the 
autosomes and the sex chromosomes. Human ES cells with an XX chromosome 
constitution are capable of maintaining both X-chromosomes even after extens- 
ive passaging, whereas XX mouse ES cells are unstable and typically lose one X 
during early passage™*. Independent EpiSC lines, EpiSC-3 (40, XX), EpiSC-5 (40, 
XY), and EpiSC-7 (40, XX) were karyotypically normal at passages 20, 17, and 
22, respectively. At high passage (p33) an abnormal marker chromosome (a 
presumptive reciprocal translocation involving chromosomes 1 and 3) was 
observed in one preparation of line EpiSC-7. Owing to this, EpiSC-7 cells were 
not used beyond passage 26 for this study. The genetic integrity of the EpiSC-5 
line and two derivative subclones was further examined by high-resolution com- 
parative genomic hybridization (CGH). The parental line and one subclone 
(clone O) seemed normal, whereas the other subclone (clone L) showed an 
amplification of part of chromosome 8 (Supplementary Fig. 9); a common 
aberration previously found in mouse ES cells. 
Differentiation. The potential of EpiSCs was tested in vivo by introducing the 
cells into blastocyst-stage embryos (lines EpiSC-2 and EpiSC-3). Methods for 
blastocyst injection were used as described previously’*’. Chimaerism was 
judged by coat and eye color contribution. In addition, EpiSCs were transiently 
transfected with pMAX-GFP (Amaxa) and aggregated as small clumps with 
morula stage embryos in depression wells. The aggregates were cultured in 
KSOM and the incorporation/contribution of GFP* EpiSCs was judged 24-36 
hours later. 

The developmental potential of EpiSC lines was assessed in vitro by forming 
embryoid bodies. Collagenase-isolated colonies were triturated into small 
clumps and grown for 1 wk in suspension using ultra-low attachment dishes 
(Corning). Embryoid bodies were subsequently plated 1 per well into gelatin- 
or fibronectin-coated 24-well plates. Culture medium consisted of DMEM with 
either 10% FBS or 15% KSR. For analysis of germ cell differentiation, EpiSC 
embryoid bodies were treated with 50 ng ml’ BMP4 (R&D Systems) or vehicle 
in medium containing 10% FBS. 

EpiSC lines were also tested for their ability to form teratomas in immuno- 
compromized hosts. The inguinal mammary fat pads of female mice (athymic 
nu/nu, 23 days of age; NCI, Frederick, Maryland) were cleared of epithelium as 
described previously**. EpiSC colonies were detached with collagenase and 
settled from feeders by gravity. Colonies were triturated to produce small cell 
clusters and these were resuspended in DMEM containing 10% FBS to 
0.02 X 10° cells pl~'. Cells (lines EpiSC-5 and EpiSC-7) were injected bilaterally 
into the cleared mammary fat pads (3 mice per line; 0.2 X 10° cells in 10 ill per fat 
pad). Tumours were allowed to develop for 3-6 weeks, at which time they were 
removed and fixed in 4% paraformaldehyde. Teratomas were embedded in 
paraffin, sectioned, and processed for immunohistochemistry or stained with 
haematoxylin and eosin. For immunohistochemistry, samples were deparaffi- 
nized with xylene, rehydrated and subjected to antigen unmasking (boiling in 
0.01 M citrate for 5 mins). Slides were cooled in PBS and subsequently blocked in 
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10% serum. Primary antibody was added for 1.5h at room temperature, the 
slides were rinsed, and secondary antibody was added for 45 mins. DAPI (Sigma, 
lpgml~') was used to visualize nuclei. Slides were mounted with Shandon 
Immu-Mount (Thermo Scientific). Antibodies used were: mouse monoclonal 
IgG2a smooth muscle actin (clone 1A4; Sigma, 1:500), mouse monoclonal IgG1 
nestin (clone Rat401; DSHB, 1:100), and mouse monoclonal IgG2a B-III tubulin 
(clone TUJ1; Covance, 1:500). 

Immunostaining. Cells were prepared for immunostaining by fixation in 4% 
paraformaldehyde (Electron Microscopy Sciences) for 20 mins and subsequent 
permeabilization for 15 mins with 0.2% Triton-X in PBS. Cells were then blocked 
for non-specific binding with 10% normal goat or donkey serum (Abcam) in 
PBS for 2h at room temperature. Primary antibodies were diluted in blocking 
solution and incubated with the samples overnight at 4 °C. Samples were rinsed 
with PBS and incubated with the appropriate fluorescently labelled secondary 
antibodies (Molecular Probes or Jackson ImmunoResearch, 1:500) for 2h at 
room temperature. Primary antibodies used were: mouse monoclonal IgG2b 
Oct3/4 (C-10; Santa Cruz, 1:400), rabbit polyclonal Oct3/4 (H-134; Santa 
Cruz, 1:400), mouse monoclonal IgG1 Cdx2 (CDX2-88; Biogenex, 1:50), rabbit 
polyclonal Nanog (kindly provided by Dr. Ian Chambers, Edinburgh, U.K., 
0.625ug/ml), goat polyclonal Gata6 (AF1700; R&D Systems, 1.33 jig/ml), goat 
polyclonal Sox2 (AF2018; R&D Systems, 1.33 1g ml '), rabbit polyclonal nestin 
(McKay laboratory, 1:100), goat polyclonal Nkx2-5 (N-19; Santa Cruz, 1:50), 
mouse monoclonal IgG1 Troponin T (clone 13-11; Lab Vision, 1:100), mouse 
monoclonal IgG2a B-III tubulin (clone TUJ1; Covance, 1:500), rabbit polyclonal 
GFAP (Z0334; Dako, 1:400), goat polyclonal Dcx (C-18; Santa Cruz, 1:200), 
mouse monoclonal IgG1 nebulin (clone NB2; Sigma, 1:400), rabbit polyclonal 
von Willebrand factor (AB7356; Chemicon, 1:100), rabbit polyclonal TH 
(Pelfreeze, 1:200), mouse monoclonal IgG3 Soxl17 (MAB1924, R&D Systems, 
1.33 pg ml’), and rabbit polyclonal Nanog (Abcam, 1:400). Nuclei were visua- 
lized with DAPI (1 pg ml’). 

Western blotting. Cultures were pre-incubated with JAK inhibitor I (0.6 1M) 
or vehicle and whole colonies were isolated, removed from feeders, and 
allowed to attach onto dishes coated with laminin (Roche) in DMEM supple- 
mented with 15% KSR. After attachment, cultures were challenged with LIF 
(2X 10° unitsml!) for 45 mins and lysed in 2X SDS Lysis Buffer (1X, 
50mM Tris-HCl, pH 6.8, 100mM DTT, 2% SDS, 0.1% bromophenol blue, 
and 10% glycerol). Equivalent amounts of protein extract were separated by 
SDS-PAGE (7% Tris-Acetate gels, Invitrogen) and transferred to a nitrocellulose 
membrane (0.45 jum pore, Invitrogen). Membranes were blocked with 5% milk 
in TBS and incubated with primary antibody overnight at 4°C. Membranes 
were rinsed and incubated with HRP-conjugated secondary antibodies for 
lh at room temperature, followed by chemiluminescent detection using 
SuperSignal West Pico Substrate (Pierce). Primary antibodies used were: rabbit 
polyclonal STAT3 (C-20; Santa Cruz, 1:500), rabbit polyclonal STAT3 p-Y705 
(9131; Cell Signalling, 1:1000), mouse monoclonal Oct3/4 (C-10; Santa Cruz, 
1:1000), and mouse monoclonal «-tubulin (clone B-5-1-2; Sigma, 1:6000). 
RNA preparation and RT-PCR. Cultures were treated with 1.5mg ml! col- 
lagenase in KSR-containing medium for 10 mins at 37 °C. The collagenase solu- 
tion was removed and fresh medium was added to the cultures. Colonies were 
dislodged from the feeder layer, if present, by gentle pipetting. Colonies were 
settled away from any remaining feeder cells by gravity in a conical tube. Total 
RNA was prepared using TRIzol (Invitrogen) and samples were treated with 
DNase (DNA-free, Ambion). RNA (200ng) was reverse-transcribed using 
Superscript II (Invitrogen) with random primers. For semi-quantitative RT- 
PCR, complementary DNA was amplified for 30 cycles with Taq polymerase 
(Roche) using gene specific primers, and products were analysed on ethidium- 
bromide-stained agarose gels. All primer sequences except those for actin were 
adopted from ones described previously’: Oct4, forward 5’-CGTTCTCTT- 
TGGAAAGGTGTTC-3’, reverse 5’-GAACCATACTCGAACCACATCC-3; 
Zfp42(Rex1), forward 5'-TGAAAGTGAGATTAGCCCCGAG-3’, __ reverse 
5'-GICCCATCCCCTTCAATAGCAC-3’; Fef5, forward 5'-CTGTACTGCAGAG- 
TGGGCATCGG-3’, reverse 5’-GACTTCTGCGAGGCTGCGACAGG-3’;_ actin, 
forward 5’-CTAGACTTCGAGCAGGAGATGGC-3’, reverse 5’-TCT'GCATC- 
CTGTCAGCAATGCC-3’. Real-time PCR was performed according to the 
manufacturer’s protocol using the Applied Biosystems (ABI) 7900HT instrument 
with the ABI TaqMan Universal PCR Master Mix and Taqman pre-optimized 
gene expression assays (Prdm1(Blimp1), Mm00476128_m1; Dppa3 (Stella), 
Mm00836373_g1; Gapdh, 4352662). 

Reporter gene assays. For the Oct3/4 DE-SV40-Luc and Oct3/4 PE-SV40-Luc 
constructs, mouse genomic DNA containing the previously described Oct3/4 
enhancers’? was amplified and inserted into the pCR2.1-TOPO vector 
(Invitrogen). The following primers were used to amplify the appropriate 
genomic fragments: DE, forward 5’-ACGTAAGTACTTCAGACACCAGAAG- 
AGG-3’, reverse 5'-GAGCCTACCCTGAACTTCCCTAGAGTG-3’; PE, forward 
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5'-CACTCTAGGGAAGTTCAGGGTAGGCTC-3’, reverse 5’-AAAGCCTG- 
TTGGCACTGCACCCTCTCGG-3’. The inserts were cut from the pCR2.1- 
TOPO vector using XhoI and Kpnl and inserted into the pGL3-Promoter 
Vector (Promega), which was digested with Xhol and Kpnl using standard clon- 
ing techniques. All constructs were sequenced. For the luciferase assays, equi- 
molar amounts of each construct were transfected into 2.5 X 10° cells using the 
Amaxa Nucleofection kit along with the pRL-TK vector for normalization. 
Assays were performed 24—48 hours later using the Dual-Glo Luciferase Assay 
System (Promega) and signals were detected using a Wallac Victor3 Plate Reader 
(Perkin Elmer). The basal activity of the empty luciferase vector was set as 1.0. 
Expression microarrays. Agilent: Cy3-CTP labelled CRNA was produced from 
200 ng of total RNA using the Agilent Low RNA Input Liner Amplification Kit. 
After labelling and cRNA purification, cRNA was quantified using the 
NanoDrop ND-1000 UV-VIS Spectrophotometer. Cy3- labelled cRNA 
(1.65 pg) was hybridized per individual 44K array on catalogue Agilent 4x44K 
Mouse (G4122F) or Human (G4112F) whole-genome microarrays for 17h at 
65°C (10r.p.m.). After hybridization, arrays were washed consecutively with 
Agilent gene expression wash buffers one and two, and acetonitrile for 1 min 
each, followed by a final 30 second wash in Agilent Stabilization and Drying 
solution. Slides were scanned immediately following washing in the Agilent 
Scanner using Scan Control 7.0 software. The scan resolution was 5m and 
the eXtended Dynamic range feature (XDR Hi 100%, XDR Low 10%) was used 
to avoid saturated features. Scan data were extracted with Feature Extraction 9.1 
software using the GE1-V5_91 protocol. Extracted signal intensities were ana- 
lysed using GeneSpring 7.3.1 software and the datasets were normalized using 
standard Agilent FE Import 1-color settings. This normalization procedure 
accounted for interchip variability by adjusting the intensity distribution to 
the 50th percentile. 

Comparison of mouse ES cells and EpiSCs was done using 3 biological repli- 
cates for each cell type. For mouse ES cells, lines ESF175/1 p16, ESF58/2 p15, and 
ESF122 p12 were used and EpiSC-7 P20, EpiSC-5 P22, and EpiSC-7 p25 were 
used for the EpiSC samples. The expression of each gene in the mouse ES cell 
dataset was compared to the matching gene in the EpiSC dataset through a per 
gene median scaling. Resulting normalized intensity values equal to 1.0 indicated 
that the gene was expressed equally in the two cell types, whereas values greater 
than 1.0 indicated elevated gene expression and values less than 1.0 indicated 
decreased expression as compared to the other cell type. Human ES cell lines H9 
P52, ESO1 P66, and BGO3 P49 were used as the 3 biological replicates for the 
human ES cell dataset. Because no comparison was made with other human cell 
types, the per gene median scaling was excluded in the human ES cell analysis. 

When comparing the effect of SB431542 treatment on mouse ES cells and 
EpiSCs two separate biological replicates were used for the analysis (ESF122 and 
ESF175/1 for mouse ES cell samples, and EpiSC-5 and EpiSC-7 for mouse EpiSC 
samples). For each cell type, time-course samples were normalized to the non- 
treated samples and therefore all non-treated samples had a value of approxi- 
mately 1.0. The normalized values for genes up regulated by the SB431542 were 
greater than 1.0 and those decreased by the treatment were less than 1.0. Gene 
lists of statistically significant (P<0.05) 2.5-fold up regulated or 2.5-fold down 
regulated genes were obtained from GeneSpring. Analysis of SB431542 treat- 
ment of human ES cells was performed as above for cell line H9 P43. 

Average linkage cluster maps and correlation coefficients between transcript 
expression datasets were generated using Genespring software. A maximal value 
of 1.0 indicates equivalent detection of over 41,000 genes and transcripts repre- 
sented on the Agilent mouse whole-genome oligo microarray. 

Illumina: the Illumina TotalPrep RNA Amplification Kit (Ambion) was used 
to amplify 100 ng of total RNA from each sample. cRNA was quantified using the 
Quant-iT RiboGreen RNA Reagent (Invitrogen), and 1.5 1g of material was 
hybridized to Illumina Sentrix Human-6 Expression Beadchips for 17h at 
55 °C. Beadchips were washed and stained according to the protocol described 
in the Whole-Genome Gene Expression for Beadstation Manual Revision D. The 
Beadchips were scanned in an Illumina BeadStation controlled by BeadScan 
software. Data were analysed using the gene expression module of BeadStudio 
2.3.33 software and datasets were normalized using rank invariant normaliza- 
tion. Illumina arrays provide bead redundancy and therefore each gene or tran- 
script is represented an average of 30 times on each array. Owing to this, a 
detection Pvalue can be calculated for each gene or transcript. Detection 
Pvalues less than 0.01 were considered significant. Human Sox2 expression 
was only analysed on the Agilent arrays because there is a known defect with 
the Sox2 bead on this version of the Illumina bead array. 

Chromatin immunoprecipitation on DNA microarrays (ChIP-on-chip). 
ChIP-on-chip was performed using the Agilent mammalian protocol with modi- 
fication. To immunoprecipitate chromatin, 5 X 10’ cells were treated with 1% 
formaldehyde at room temperature for 10 mins followed by exposure to 0.125 M 
glycine and a subsequent wash in PBS. Cells were lysed in Cell Lysis Buffer (5 mM 
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HEPES, pH 8.0, 85 mM KCL, 0.5% Triton) for 5 mins on ice and the nuclei were 
re-suspended in Nuclei Lysis Buffer (50 mM Tris-HCL, pH 8.0, 10 mM EDTA, 
1% SDS). Lysates were sonicated under conditions yielding fragments ranging 
from 200 bp to 1,000 bp. Samples were subsequently pre-cleared at 4°C with 
recombinant protein G agarose beads (Invitrogen) coated in yeast transfer RNA 
for 1 h. Three per cent of the sonicated material was reserved as whole-cell extract 
material. Precleared lysate was diluted 1:10 in IP buffer (0.01% SDS, 1.1% 
Triton, 1.2mM EDTA, 16.7mM Tris-HCL, pH 8.0, 167mM NaCl) for an 
overnight immunoprecipitation with specific antibody at 4°C with rocking. 
Antibodies used were: Oct3/4 (Santa Cruz sc-9081x Lot no. J1703), trimethyl- 
histone H3 K4 (Abcam no. ab8580 Lot no. 122062) or trimethyl-histone H3 K27 
(Abcam no. ab6002 Lot no. 222266). We used 1.5 1g of antibody per 1 X 10° 
cells. Complexes were collected for 4 hours using recombinant protein G agarose 
beads (Invitrogen) coated in BSA and yeast tRNA. Samples were washed for 
10 mins in each of the following buffers; IP dilution buffer, Dialysis Buffer 
(2mM EDTA, 50mM Tris-HCL, pH 8, 0.2% Sarkosyl), TSE-500 (0.1% SDS, 
1% Triton, 2mM EDTA, 20mM Tris-HCL, pH 8, 500 mM NaCl), LiCl Wash 
(100 mM Tris-HCl, pH 8, 500 mM LiCl, 1% Triton, 1% Deoxycholic acid), and 
TE Buffer. After washing, samples were eluted in Elution Buffer (50mM 
NaHCO3, 1% SDS), and formaldehyde cross-links were reversed by an overnight 
incubation at 65°C. Samples were purified through PCR Purification Kit col- 
umns (Qiagen). Immunoprecipitation-enriched and whole-cell extract DNA 
was blunted using the DNA Terminator End Repair Kit (Lucigen) before linker 
ligation and amplification, which was performed according to the Agilent pro- 
tocol. Labelling was performed using the Bioprime DNA Labeling System 
(Invitrogen) and Cy3-dUTP or Cy5-dUTP (Amersham). Human G4489A and 
mouse G4490A 244K promoter arrays (Agilent) were probed for 40h at 65 °C 
and subsequently scanned using an Agilent Scanner controlled by Agilent Scan 
Control 7.0 software. Custom 244K mouse and human ChIP-on-chip arrays 
were designed using eArray (Agilent) and processed as described above. Data 
were extracted with Agilent Feature Extraction 9.1 software. Oct3/4-bound genes 
were called using Agilent’s ChIP Analytics 1.3 software, incorporating the 
Whitehead Error Model, which has a false-positive rate of approximately 0.5% 
and a false-negative rate of approximately 20% (ref. 11). A Venn diagram was 
created for overlapping and non-overlapping Oct3/4-bound genes in mouse ES 
cells, mouse EpiSCs and human ES cells. Genes were only included in the com- 
parison if they had a homologue on the other species’ array. For example, probe 
data for the Nanog gene were not present in the mouse array dataset and there- 
fore Nanog was not included in the cross-species comparison. Probes that were 
associated with modified histones were called on the basis of a neighbourhood 
Pvalue of less than 0.01 (Agilent ChIP Analytics 1.3 Software). Mapping of 
bound probes was performed in the UCSC genome browser using genome build 
mm7 (August 2005) for mouse and HG17 (May 2004) for human**. 
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An intracellular P2X receptor required for 
osmoregulation in Dictyostelium discoideum 


Samuel J. Fountain’, Katie Parkinson’, Mark T. Young", Lishuang Cao’, Christopher R. L. Thompson’ &R. Alan North’ 


P2X receptors are membrane ion channels gated by extracellular 
ATP’” that are found widely in vertebrates, but not previously in 
microbes. Here we identify a weakly related gene in the genome of 
the social amoeba Dictyostelium discoideum, and show, with the 
use of heterologous expression in human embryonic kidney 
cells, that it encodes a membrane ion channel activated by ATP 
(30-100 pM). Site-directed mutagenesis revealed essential conser- 
vation of structure-function relations with P2X receptors of 
higher organisms. The receptor was insensitive to the usual P2X 
antagonists’ but was blocked by nanomolar concentrations of 
Cu’* ions. In D. discoideum, the receptor was found on intra- 
cellular membranes, with prominent localization to an osmoregu- 
latory organelle, the contractile vacuole. Targeted disruption of 
the gene in D. discoideum resulted in cells that were unable to 
regulate cell volume in hypotonic conditions. Cell swelling in 
these mutant cells was accompanied by a marked inhibition of 
contractile vacuole emptying. These findings demonstrate a new 
functional role for P2X receptors on intracellular organelles, in 
this case in osmoregulation. 

The D. discoideum genome contains five sequences predicted 
to encode proteins homologous to vertebrate P2X receptors. The 
protein most closely related to the seven human receptors is 
DDB0168616 (Supplementary Fig. 1). HEK cells expressing a 
humanized version of this complementary DNA responded to ATP 
with robust inward currents (Fig. 1). ATP evoked unitary currents 
(conductance 8.2 pS at — 100 mV) in outside-out patches (Fig. 1a, b), 
establishing that this gene (D. discoideum p2xA) encodes an ATP- 
gated ion channel (DdP2X). Whole-cell currents evoked by ATP were 
concentration-dependent (10-300 uM) with kinetic properties most 
similar to those observed for human P2X, or P2X, receptors’ 
(Fig. 1d). With sodium as the only cation, the current-voltage rela- 
tion reversed at zero and showed moderate inward rectification 
(Fig. 1c). By measuring the current reversal potentials in different 
extracellular ions, we found that the channels were freely permeable 
to Ca’* ions but less so to larger cations (the relative permeability 
Px/Pxq was 1.5 + 0.11 (1 = 8 cells), 0.54 + 0.01 (5), 0.48 + 0.21 (5), 
0.38 + 0.16 (5) and 0.21 + 0.05 (8), where X represents Ca?*, cho- 
line, Tris, tetraethylammonium and N-methyl-p-glucamine, respect- 
ively; Fig. 1c). These values are in the range of vertebrate P2X 
receptors'. Western blotting of the expressed receptor showed two 
bands at 48 and 55 kDa (Fig. le). The receptor formed a trimer under 
non-denaturing conditions (Fig. le), and immunocytochemistry 
indicated that the expressed receptor was clearly localized at the 
plasma membrane (Fig. 1f). These data are consistent with a body 
of evidence indicating that vertebrate P2X receptors are trimeric 
membrane proteins’**”. 

The DdP2X receptor was strongly activated by hydrolysis-resistant 
ATP analogues. By-Imido-ATP was about tenfold more potent 
than ATP, and o«f-methylene-ATP was equipotent with ATP 


(Fig. 2a, b). The receptor was only weakly activated by 2',3'-O-(4- 
benzoylbenzoyl)-ATP, and not at all by UTP, CTP, GTP, ADP, cyclic 
AMP, NAD“, FAD, ADP-ribose and cyclic ADP-ribose (1 mM). Most 
P2X receptors are blocked by suramin and _ pyridoxal-phosphate- 
6-azophenyl-2',4’-disulphonate, whereas P2X,, P2X3; and P2X3,5 
heteromeric receptors are blocked by nanomolar concentrations of 
2',3'-O-(2,4,6-trinitrophenyl)-ATP’*: none of these antagonists inhi- 
bited the currents at DdP2X receptors, even at 30-100 uM (Fig. 2c). 
However, DdP2X was very sensitive to block by Cu’* (half-maximal 
inhibitory concentration (ICs) 40 = 5 nM, n = 5; Fig. 2c), whereas other 
divalent ions were much less effective (Ni?* ICs9 59 + 5 UM; Ca** ICs 
>20mM; n=5). Inhibition by micromolar Cu’* has been described 
for some (P2X,, P2X7) but not other mammalian P2X receptors®”. 

We tested the essential similarity in molecular physiology between 
the DdP2X receptor and its vertebrate counterparts by mutating 
residues known to be critically involved in function'*’. A body of 
work implicates two lysine residues in the receptor ectodomain 
as contributing to ATP binding. The first of these (DdP2X Lys 67) 
is in a position equivalent to Lys71 of the rat P2X, receptor 
(Supplementary Fig. 1); mutation to alanine (DdP2X[K67A]) caused 
a large (more than tenfold) decrease in ATP sensitivity. The second, 
DdP2X Lys 289, aligns with rat P2X, receptor Lys 308; ATP elicited 
much smaller currents at DdP2X[K289A] (Fig. 2d, e). An aspartate 
residue in the second transmembrane domain is essential for func- 
tion in vertebrate P2X receptors’; the Dictyostelium receptor in which 
this was replaced by alanine [D330A] was also non-functional. 
Finally, a YXXXK motif at the carboxy terminus of all vertebrate 
P2X receptors is involved in receptor stabilization at the plasma 
membrane" this motif was also required in DdP2X for robust mem- 
brane currents (Fig. 2d). Conversely, some regions of the receptor 
that have been deduced to be critical for ATP binding and/or channel 
activation in mammalian P2X receptors were clearly not essential. 
These included the conserved NFTDO®KNS® (@ being any hydro- 
phobic residue) and GYNFRFAKY motifs in the ectodomain of 
mammalian receptors. The former motif is found in DdP2X 
(SFTILIDHTM), but in contrast with the human P2X;, receptor? 
the phenylalanine residue (Phe 156) was not required for ATP action 
(Fig. 2d, e). The latter motif is not present in the DdP2X sequence. 

A green fluorescent protein (GFP)-tagged version of DdP2X 
(DdP2X-GFP) was localized to intracellular membranes of D. dis- 
coideum cells rather than the plasma membrane (Fig. 3a), contrary to 
what is observed either for P2X receptors in mammalian cells or for 
DdP2X receptors expressed in HEK 293 cells (Fig. 1f). Strong co- 
localization with calmodulin demonstrated prominent expression 
on the membrane of the contractile vacuole (Fig. 3a), a specialized 
osmoregulatory organelle that allows protists to survive in hypotonic 
environments such as soil and fresh water'''*. Identification of 
DdP2X as a contractile vacuole protein thus indicated that DdP2X 
receptors might be involved in osmoregulation. To test this, we 
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generated mutant cells with a disrupted p2xA gene by homologous 
recombination (Fig. 3b) and assayed for osmoregulatory defects. In 
hypotonic conditions, wild-type cells swelled by about 20%, followed 
by a regulatory decrease in cell volume over the next 40 min (Fig. 3c, 
d; n = 30 cells). In contrast, DdP2X-null cells showed no regulatory 
decrease in cell volume but continued to swell over 60 min (Fig. 3; 
n= 30 cells, P<0.01). Two lines of evidence indicate that this 
phenotype is due to a requirement for DdP2X receptors in wild-type 
cells. First, expression of DdP2X—GFP in the DdP2X-null cells res- 
cued the osmoregulatory defects of the mutant (Fig. 3d). Second, 
Cu’* at concentrations that blocked DdP2X currents when expressed 
in HEK 293 cells (Fig. 2) recapitulated the swelling phenotype in 
wild-type cells (Fig. 3d). Furthermore, By-imido-ATP (100 uM), 
which is polar and cell-impermeant, had no effect on the regulatory 
decrease in volume when applied to wild-type cells; this discounts a 
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Figure 1| DdP2X receptor is an ATP-gated ion channel. a, b, Single-channel 
openings in response to 100 1M ATP recorded from outside-out patches 
taken from transfected HEK 293 cells. c, Whole-cell current-voltage 
relationship shows modest inward rectification (red trace). Replacement of 
extracellular sodium by N-methyl-p-glucamine (each 147 mM) shifts 
reversal potential from 0 mV to —50 mV (blue trace). The current reverses 
close to zero with isotonic extracellular Ca?* (green trace). Filled circles 
indicate amplitudes of unitary currents recorded in outside-out patches. 
Error bars indicate s.e.m. (n = 6). d, Concentration-dependent responses to 
ATP. Typical whole-cell recordings of inward currents evoked by different 
concentrations of ATP applied for 2 s, repeated at 2-min intervals. Cells were 
held at —60 mV. e, SDS-PAGE western blot analysis of whole-cell lysates 
from HEK 293 cells expressing His-tagged DdP2X shows bands at 48 and 
55 kDa. The mass of both bands was decreased by treatment with PNGaseF 
(not shown), indicating that both were N-glycosylated, and both bands 
were present at the cell surface as measured by cell-surface biotinylation. 
His-tagged DdP2X migrates on perfluoro-octanoic acid (PFO)—PAGE 
predominantly as a trimer (although dimeric and monomeric species are 
also detectable, as indicated by the middle and lower arrows). Numbers at 
the left of the gels are molecular masses in kDa. f, Immunocytochemistry 
showing predominant localization of the His-tagged DdP2X receptor (red; 
secondary antibody was Cy3) at the membrane in HEK 293 cells. Scale bar, 
10 pm. 
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role for plasma membrane receptors and is consistent with the intra- 
cellular compartmentalization of DdP2X. Taken together, these data 
indicate a direct role for DdP2X receptors in osmoregulation. 

In wild-type cells, the contractile vacuole periodically fills and 
voids, expelling water from the cell body and permitting the regula- 
tory decrease in volume under hypotonic conditions. We therefore 
tested whether an impairment of contractile vacuole function could 
explain why DdP2X-disrupted cells displayed no regulatory decrease 
in volume. In wild-type cells, regular voiding events occurred with a 
cycle of 80 + 5s (n= 30 cells; Fig. 3e). In contrast, mutant cells had a 
decreased frequency of contractile vacuole voiding and a prolonged 
cycle (182 + 10s, n= 30 cells; Fig. 3e). Wild-type cells treated with 
10 uM Cu’*~ also had a prolonged voiding cycle (202 + 13s, n= 15 
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Figure 2 | Properties of DdP2X receptors. a, Inward currents evoked by 
ATP and analogues (each 300 uM, for 2s) in HEK 293 cells expressing 
DdP2X receptors (holding potential —60 mV). b, Concentration—response 
curves for experiments such as those shown in a. Responses are normalized 
to each maximum response and show a rank order of potency ByimidoATP 
(filled squares) > «fmeATP (open circles) = ATP (filled circles) 

> BymeATP (filled diamonds) > benzoyl-benzyl-ATP (BzATP; open 
squares); each point is the mean + s.e.m. for five to ten cells. c, Responses to 
ATP (100 UM) before and after application of Cu?*, Ni** and P2X 
antagonists. The duration of preapplication of antagonists was 2 min 
(Cu? and Ni2*) or 4min (2',3'-O-(2,4,6-trinitrophenyl)-adenosine 
5’-triphosphate (TNP-ATP), pyridoxal-phosphate-6-azophenyl-2',4'- 
disulphonate (PPADS) and suramin). d, Representative whole-cell currents 
evoked by ATP (3 mM) in HEK 293 cells expressing mutant receptors. 
Lower right: diagram illustrating the topology of the P2X receptor and 

the relative positions of the residues mutated. e, Comparison of ATP 
sensitivity between wild-type DdP2X receptors (filled circles) and the K67A 
(open circles), K289A (filled squares) and F156A (open squares) mutations. 
Each point is the mean = s.e.m. for five to ten cells. The 
immunohistochemical appearance of cells expressing mutated receptors 
(including D330A) with the anti-His antibody was the same as that of wild- 
type cells. Biotinylation and SDS-PAGE followed by gel densitometry 
showed a highly significant expression of wild-type, K67A and D330A 
receptors at the cell surface. 
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cells). These results suggest that loss of the DdP2X receptor leads to a 
compromised contractile vacuole, an inability to osmoregulate, and 
ultimately cell swelling. Contractile vacuole filling seemed to be 
normal in DdP2X-null cells, implying that docking at the cell mem- 
brane or the contraction itself is deficient. It is possible that the Ca** 
permeability of the P2X receptor in the membrane of the contractile 
vacuole has a key function. In concord with this idea, the pheno- 
type of DdP2X-disrupted cells is similar to that of LvsA-null cells, 
which is thought to be partly due to a misregulation of calmodulin 
function’*"®. One speculative possibility is that distension of the 
contractile vacuole leads to the entry of ATP from the cell cytoplasm: 
this then activates DdP2X receptors, which allow vacuolar Ca’* ions 
to pass back into the cytoplasm and initiate contraction. 

These studies represent significant advances for the study of P2X 
receptor structure and function. The DdP2X receptor reported here 
is relatively remote in sequence from those previously reported’””. 
Despite this, essential properties of a P2X receptor (ATP binding, 
channel gating and permeation) are conserved between amoeba and 
man. Consequently, attention can now be drawn to those few parts of 
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Figure 3 | DdP2X receptors are localized to the contractile vacuole and 
are required for cell volume regulation and contractile vacuole voiding. 

a, Co-localization of DdP2X-GFP (left, green) and calmodulin (middle, 
red), particularly on the membrane of the contractile vacuole (arrowheads 
indicate one such vacuole). Right, merged image. Scale bar, 10 tum. 

b, Structure of D. discoideum p2xA gene to illustrate position of cassette 
insertion. Disruption of the p2xA gene caused no observable differences in 
cell morphology or developmental cycle (data not shown). ¢, Bright-field 
micrographs of D. discoideum in HL5 growth medium, and 60 min after 
change from medium to distilled water. DdP2X mutant cells are swollen, 
whereas wild-type cells have recovered their normal volume. Scale bar, 

10 um. d, Time course of cell swelling and recovery. Wild-type cells (red 
circles) swell for 10-20 min and then regain their normal volume after about 
30 min. DdP2X mutant cells (blue circles) continue to swell for 60 min. 
Wild-type cells treated with Cu’* ions (10 1M; green squares) continue to 
swell. Mutant cells expressing DdP2X—GFP (black squares) are also similar 
to wild-type cells except that they show less swelling in the first 10 min. Error 
bars indicate s.e.m. e, DdP2X receptors are required for normal contractile 
vacuole voiding. In wild-type amoebae (top row) the vacuoles (arrows) 
within the cell move to the membrane and void within 20-30 s. In DdP2X- 
disrupted amoebae (bottom row) this cycle is much prolonged: the vacuole 
identified takes almost 3 min to discharge. Numbers indicate time in 
seconds. Scale bar, 5 jum. 
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the molecule critical to these functions. P2X receptors have hitherto 
been considered in the context of the plasma membrane and the 
transmitter-like actions of extracellular ATP'”. The present studies, 
however, define a receptor that is both found on internal membranes 
and has an intracellular role. This raises the possibility that P2X 
receptors might also function as intracellular ion channels in other 
cell types, including higher organisms. Such an idea is not without 
precedent. Another family of channel proteins (CIC chloride chan- 
nels) has members with well-defined functional roles in both plasma 
and endosomal membranes?’. Furthermore, some members of the 
family of ‘ectoenzyme’ nucleoside triphosphate diphosphohydro- 
lases are actually found predominantly on internal membranes’’. 
Given the ubiquitous presence of their ligand ATP, P2X receptors 
may be more general regulators of intracellular organelles in ways 
other than osmoregulation. 


METHODS 

Generation and expression of DdP2X constructs. A 1.1-kilobase cDNA cor- 
responding to the predicted open reading frame of DDB0168616 was amplified 
by polymerase chain reaction from growth-phase AX4 strain D. discoideum. The 
insert was subcloned into pcDNA3.1-His at 5’ BamH1 and 3’ Xhol sites and into 
pDEX 27 GFP at EcoRI sites for expression in HEK 293 cells and D. discoideum, 
respectively. Expression of the pcDNA3.1 DdP2X construct in HEK 293 cells 
produced messenger RNA transcript but no detectable protein or function. A 
humanized version of the DdP2X receptor was synthesized in which each amino 
acid codon was replaced by that most commonly found in Homo sapiens. This 
was C-terminally tagged with hexahistidine (DNA 2.0 Inc.) and subcloned into 
pcDNA3.1. For electrophysiology, HEK 293 cells were transiently transfected 
with 1 pg (whole-cell) or 0.1 Ug (outside-out) plus 0.1 1g of enhanced GFP using 
Lipofectamine 2000. For expression in D. discoideum, cells were transformed by 
electroporation and subjected to G418 selection. 

Electrophysiology. Whole-cell and outside-out patch recordings were made 
from HEK 293 cells at room temperature (18-20 °C), 24-48 h after transient 
transfection. The extracellular solution contained (in mM): 145 NaCl, 2 KCl, 2 
CaCl,, 1 MgCl, 13 p-glucose and 10 HEPES, pH 7.3. For whole-cell recordings, 
the intracellular patch pipette solution contained (in mM): 145 NaCl, 10 HEPES 
and 10 EGTA, pH7.3. For outside-out recordings, NaF replaced NaCl in the 
patch pipette. Outside-out recordings were sampled at 10 kHz and filtered 
at 3kHz. For monovalent ion substitution in whole-cell experiments P,/Pya 
was calculated from exp(AE,.F/RT), and for Ca?* Po/PNqa was from 
[Na]ifexp(EreyF/RT)(1 + exp(EreyF/RT)}/4[Ca** ]., where [Na]; is the cytosolic 
Na; concentration, Fis Faraday’s constant, Ris the universal gas constant, Tis the 
absolute temperature and [Ca?* ], is the extracellular Ca?* concentration. E,ey 
values were corrected for calculated liquid junction potentials. Numerical data 
are presented as means + s.e.m. 

Osmoregulation assay and contractile vacuole voiding. Wild-type and mutant 
AX4 strain cells were maintained in HL5 growth medium at 22 °C. Cells adherent 
to glass coverslips were imaged with an inverted Olympus IX71 microscope 
(40X objective, 1.6 numerical aperture); images were captured at 2-min intervals 
with Simple PCI software (C-Imaging Systems). Geometric cell size was 
measured offline for ten cells per field over three independent experiments. 
Contractile vacuoles were observed at 1-s intervals for 15 min after exposure 
to water, and voiding time was measured directly. 

Immunoblotting and immunostaining. We used 50 ig of total cell lysate per 
load for perfluoro-octanoic acid PAGE” (8%) and SDS-PAGE (4-12% gradient; 
NuPAGE; Invitrogen) gels. For co-localization of DdP2X—GFP and calmodulin, 
methanol-fixed D. discoideum cells were permeabilized with 0.1% Triton X-100 
and blocked with 3% bovine serum albumin. Cells were incubated for 1h at 
room temperature with mouse monoclonal anti-calmodulin primary antibody 
(1:20 dilution; Sigma), washed and subsequently incubated with Cy3-conjugated 
donkey anti-mouse secondary antibody (Jackson Laboratories). For localization 
of DdP2X-His in HEK 293 cells, the same protocol was performed but with anti- 
His tag (Invitrogen) as the primary antibody. 

Generation of DdP2X receptor knockout. A 3-kilobase genomic fragment 
encoding DdP2X was amplified from wild-type AX4 genomic DNA and a tetra- 
cycline-blasticidin resistance cassette was inserted by in vitro transposition. This 
insertion is within exon 3 of the p2xA gene, about 650 base pairs downstream of 
the start codon. The linearized construct was transformed into D. discoideum 
followed by blasticidin selection. Homologous recombination was verified by 
polymerase chain reaction. 
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The menthol receptor TRPM8 is the principal detector 


of environmental cold 


Diana M. Bautista’?*, Jan Siemens!”*, Joshua M. Glazer?*, Pamela R. Tsuruda’”, Allan |. Basbaum>”, 


Cheryl L. Stucky’, Sven-Eric Jordt® & David Julius’? 


Sensory nerve fibres can detect changes in temperature over a 
remarkably wide range, a process that has been proposed to 
involve direct activation of thermosensitive excitatory transient 
receptor potential (TRP) ion channels’*. One such channel— 
TRP melastatin 8 (TRPM8) or cold and menthol receptor 1 
(CMR1)—is activated by chemical cooling agents (such as men- 
thol) or when ambient temperatures drop below ~26 °C, suggest- 
ing that it mediates the detection of cold thermal stimuli by 
primary afferent sensory neurons”®. However, some studies have 
questioned the contribution of TRPM8 to cold detection or pro- 
posed that other excitatory or inhibitory channels are more critical 
to this sensory modality in vivo’'°. Here we show that cultured 
sensory neurons and intact sensory nerve fibres from TRPM8- 
deficient mice exhibit profoundly diminished responses to cold. 
These animals also show clear behavioural deficits in their ability 
to discriminate between cold and warm surfaces, or to respond to 
evaporative cooling. At the same time, TRPM8 mutant mice are 
not completely insensitive to cold as they avoid contact with sur- 
faces below 10 °C, albeit with reduced efficiency. Thus, our find- 
ings demonstrate an essential and predominant role for TRPM8 in 
thermosensation over a wide range of cold temperatures, validat- 
ing the hypothesis’ that TRP channels are the principal sensors of 
thermal stimuli in the peripheral nervous system. 

We generated TRPM8-deficient mice through targeted deletion of a 
genomic region encoding amino acids 594—661 within the presumpt- 
ive cytoplasmic amino-terminal domain. In addition to removing 
coding information, this manipulation introduced a stop codon 
before and a frameshift after the deleted segment (Fig. la). Suc- 
cessful targeting was verified by Southern blotting and RT-PCR ana- 
lysis of transcripts from trigeminal ganglia of wild-type and mutant 
mice (Fig. 1b). The resulting TRPM8 ’ mice were normal in overall 
appearance and viability, and matings between heterozygous animals 
produced siblings with normal mendelian distributions for gender 
and genotype. Moreover, mutant and wild-type littermates showed 
no differences in core body temperature (37.4 + 0.15 °C and 37.4 + 
0.13 °C, respectively; n = 11 mice per genotype). 

Sensory ganglia from TRPM8-deficient mice appeared anatomically 
normal, as was assessed by staining with a variety of immunological 
probes that label peptidergic, unmyelinated or vanilloid-responsive 
neurons (Fig. 1c, d). Thus, antibodies directed against substance P 
(peripherin) or the capsaicin receptor (TRPV1) revealed an identical 
prevalence of labelled cells in trigeminal ganglia from wild-type and 
mutant mice. In contrast, TRPM8 immunoreactivity was specifically 
absent from trigeminal ganglia or the peripheral free nerve endings of 
adult mutant mice. Central projections of primary afferent fibres to 
the spinal cord of TRPM8 ’ mice were also devoid of TRPM8 


immunoreactivity, while those from wild-type littermates showed a 
robust pattern of staining that was confined to the most superficial 
layer of the dorsal horn (lamina I), a region that is innervated by 
primary afferent nociceptors, including those expressing TRPV1. 
Importantly, polymerase chain reaction (PCR) analysis showed that 
TRPM8 ‘~ mice produce a truncated non-functional transcript from 
the disrupted locus, enabling us to demonstrate by in situ hybridiza- 
tion histochemistry that loss of TRPM8 protein expression does not 
eliminate neurons that normally express this channel (Supplemen- 
tary Fig. 1). 

Functional disruption of the TRPM8 gene was assessed by using 
live-cell calcium imaging to measure the sensitivity of trigeminal and 
dorsal root ganglion neurons to cooling agents. Consistent with pre- 
vious observations”'’, approximately 17% of neurons cultured from 
wild-type ganglia showed rapid and robust responses to bath applied 
menthol (100M) or the super-cooling agent icilin (100 uM). 
Neurons from TRPM8 ’ mice were completely unresponsive to 
either compound (Fig. 2a, b). In contrast, TRPM8-deficient neurons 
displayed normal sensitivity to capsaicin or the TRPA1 agonist, allyl 
isothiocyanate (mustard oil)'*!? (Fig. 2b). Icilin, which is a weak 
TRPA1 agonist’, activated all mustard-oil-sensitive neurons at 
concentrations over 500 UM, regardless of genotype (not shown). 
Together, these results verify selective loss of TRPM8 activity in 
mutant mice and suggest that this channel is the sole target through 
which menthol and icilin mediate their cooling effects. 

Next, we asked whether TRPM8 ablation affects cellular cold sens- 
itivity. When challenged with a cooling gradient (30 to 8 °C over 30s), 
~22% of trigeminal neurons from wild-type mice showed significant 
increases in cellular calcium levels, as previously described" (Fig. 2c, 
d). These cold-sensitive neurons could be segregated into two distinct 
populations: most (77%) were menthol-sensitive, showed a rapid 
activation rate (dCa**/dT=40nmols ‘), and had an average res- 
ponse threshold of 22°C when cooled from a holding temperature 
of 30 °C. As observed with the cloned TRPM8 channel, the activation 
threshold of this neuronal subpopulation shifted to 16 °C when cooled 
from a holding temperature of 22°C (not shown), suggesting that 
both cloned and native channels show adaptation’. The remaining 
23% of cold-sensitive neurons (5% of all neurons) were menthol-, 
capsaicin- and mustard-oil-insensitive; they showed a substantially 
slower cold activation rate (dCa**/dT=4nmols '), smaller peak 
cold-evoked calcium response (300 nM), and had an average response 
threshold of 12°C irrespective of starting temperature. Trigeminal 
neurons from TRPM8 ’~ mice showed a dramatic reduction in 
the total number of cold-sensitive neurons, with only 4% of cells 
responding to the cold ramp (Fig. 2c, d). The response properties of 
these residual cold-sensitive neurons closely matched those of the 
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menthol-insensitive population present in cultures from wild-type 
ganglia. Thus TRPM68 ablation results in a profound reduction in both 
the number and magnitude of cellular cold responses, leaving intact 
a small cohort of neurons that respond to cold with an activation 
threshold of ~12°C, and probably correspond to the menthol- 
insensitive component of cold-sensitive neurons from wild-type gan- 
glia. No significant differences in chemical or thermal responses were 
observed between dorsal root ganglia and trigeminal neurons, irre- 
spective of genotype (Supplementary Table 1). 

In contrast to differences in cold sensitivity, TRPM8-deficient 
neurons showed normal responses to heat. When exposed to a heat 
ramp (30 to 45°C in 45s), 44% of trigeminal neurons from 
TRPM8 ‘~ mice were heat-sensitive, compared with 41% from 
wild-type littermates. Conversely, mice lacking the capsaicin receptor 
TRPV1 showed a normal prevalence of cold-sensitive neurons, but a 
substantial reduction in the number of cells responding to heat, as 
expected (Fig. 2d). 

We next used the skin-nerve preparation to ask whether TRPM8 
mediates cold responses at the peripheral terminals of cutaneous 
afferent fibres'*'’. When subjected to a cold ramp (32 to 2 °C over 
20s), 35% of C fibres from wild-type mice showed robust action 
potential firing. As expected, cold-evoked firing rates of these 
fibres showed adaptation within the first 8s of the cold ramp 
(Supplementary Fig. 2b). In contrast, only 5.4% of C fibres from 


Stop 


TRPM6B protein SSS 


TRPMB8 gene 
15 16 
Targeting construct KON 


Targeted gene ACN 


Germline excised 


kB 
(--)> =13 
(+/+)> =10.7 


=<RT +RT 


ae Gee ae 


15 16 


Marker 


TRPM8& +/+ 583 


-/- 2 


TRPV1 +/+ 


-/- 


=<RT +RT 


ou SN 


+/+ 
Sf= 


Substance P 


+/+ 
=/= 


Peripherin 


TRPM8 TRPA1 


Cornea 


Trigeminal ganglion 


TRPM8 (+/+) 


TRPM8 (-/-) 


1718 19 20 21 


1718 19 20 21 


TRPM8 Positive Total 
genotype neurons neurons 


Spinal cord 


ay ee =e 


LETTERS 


TRPM8-deficient mice responded to cold (P< 0.0001; Fisher’s exact 
test; Fig. 3a, b), and these residual cold-sensitive units had signifi- 
cantly decreased firing rates (Fig. 3b; P<0.0001; t-test). Basal 
(ongoing) action potential firing at skin temperature (32°C) is a 
property of cold-sensitive fibres'’*’’, and indeed we found that 
wild-type cold-activated C fibres had significantly higher baseline 
firing rates than cold-insensitive fibres (Supplementary Fig. 2a). 
The number of C fibres showing baseline activity did not differ sig- 
nificantly when comparing wild-type and TRPM8-deficient prepara- 
tions (60% versus 45%; P= 0.14, Fisher’s exact test). However, C 
fibres from TRPM8-deficient mice showed a significantly reduced 
basal firing rate, akin to that observed in cold-insensitive units from 
wild-type littermates (Supplementary Fig. 2a). These results suggest 
that TRPMB8 also modulates the characteristic basal firing rate of the 
majority of cold-sensitive C fibres. Among myelinated A6 fibres, cold 
also elicited firing of A-mechanoreceptors (AM), albeit less robustly 
than generally observed with unmyelinated C fibres (Fig. 3c). In wild- 
type preparations, 16.7% of these units showed cold-evoked action 
potentials, whereas only | of 26 (3.9%) AM fibres from TRPM8- 
deficient mice responded with comparable firing rates (Fig. 3d). 

In contrast to these robust deficits in cold sensitivity, the elec- 
trical response characteristics of TRPM8-deficient fibres, includ- 
ing conduction velocity and electrical activation threshold, were 
almost identical to those of wild-type littermates. Furthermore, the 


Figure 1| Generation and histological analysis 
of TRPM8-deficient mice. a, TRPM8 gene 
targeting strategy introduces a stop codon within 
the protein-coding region. Transmembrane and 
pore loop domains are indicated by black and 
Bg grey bars, respectively; exons are numbered 
(black bars on genomic map); blue bar depicts 
self-excising ACN neomycin expression cassette; 
green bar denotes 3’ probe. Restriction sites 
Bg indicated are EcoRI (Ec), BglI (Bg), SalI and Ascl. 
1718 19 20 Py b, Southern blot (top) confirms targeting of 
TRPM8 locus, where BglI and EcoRI digests 
produce expected fragments of 13 and 
10.7 kilobases (kb) for wild-type and mutant 
alleles, respectively. RT-PCR (bottom) confirms 
the absence of normal TRPM8 transcripts in 
trigeminal ganglia from TRPM8 ‘~ mice. 
Primers amplifying a 1 kb region from exon 13 of 
the TRPM8 gene do not generate a product with 
RNA from TRPM8 ‘~ ganglia. As positive 
control, a 700 base pair (bp) region of TRPA1 was 
amplified from wild-type or TRPM8 ’~ ganglia. 
c, Immunohistochemical analysis using anti- 
TRPV1, anti-substance P, or anti-peripherin 
antibodies shows similar distribution of labelled 
cells in TRPM8-deficient and wild-type 
trigeminal ganglia. In contrast, TRPM8 
immunoreactivity is absent from TRPM8 /~ 
ganglia, whereas wild-type sections show staining 
in ~13% of neurons (2-3 animals per genotype). 
Percentages represent mean + s.e.m. 
d, Immunostaining of trigeminal ganglia (left), 
corneal afferents (middle), and spinal cord dorsal 
horn (right) with anti-TRPM8 (green) and anti- 
TRPVI1 (red) antibodies reveals selective loss of 
TRPM8 expression in TRPM8 ’ mice. Scale 
bars, 50 um. 
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Figure 2 | TRPMS8-deficient neurons show loss of menthol and cold 
sensitivity. a, Trigeminal neurons from TRPM8*’* (left) or TRPM8/— 
(right) mice were challenged with menthol (100 11M), followed by capsaicin 
(1 uM), then high KCl (75 mM). Responses were assessed by calcium imaging. 
TRPM8*"* ganglia displayed two distinct subpopulations: menthol-sensitive 
(solid trace) and capsaicin-sensitive (dotted trace) neurons. No menthol 
sensitivity was detected in TRPM8 ’~ neurons (n = 50 cells per trace). Similar 
results were obtained with 50 or 250 uM menthol (not shown). b, Prevalence of 
sensory neurons responding to capsaicin (1 1M), alyl isothiocyanate (mustard 
oil, 100 1M), menthol (100 ,1M) or icilin (100 1M) from TRPM8*’* and 
TRPM8 ‘~ ganglia. c, Trigeminal neurons were challenged with cold and 
menthol (green bar) and responses assessed by calcium imaging. In wild-type 
ganglia, menthol-sensitive neurons (solid trace) showed robust cold responses 
(threshold 22 °C + 1.5 °C), and some menthol-insensitive neurons (dotted 
trace) showed low-level responses (threshold 12 °C + 1.5 °C). TRPM8 /— 
ganglia contained few cold responders, which resembled the latter population. 
No significant differences were observed between dorsal root ganglia and 
trigeminal neurons, irrespective of genotype (Supplementary Table 1). 

d, Comparison of cold and heat sensitivity for wild type, TRPM8 ‘~ and 
TRPV1 ’ neurons. For wild-type ganglia (grey bars) 4% of neurons were 
activated with a threshold of 12 °C, 17% at 22 °C, and 44% at 45 °C. The 22 °C 
threshold group was absent from TRPM8-deficient ganglia (red bars), while 
the 12 °C and 45 °C populations were unaltered. In contrast, the 45 °C 
population was substantially reduced (to 14%) in TRPV1-deficient ganglia 
(black bars), whereas cold-sensitive populations were unaltered (n > 420 
neurons per genotype). **P < 0.01, ***P < 0.001, one-way analysis of variance 
(ANOVA) analysis followed by Tukey’s HSD post-hoc analysis. No significant 
differences were observed when comparing chemical or thermal sensitivity of 
wild-type and TRPM8 heterozygous neurons (not shown). Graphs display 


mean + s.e.m. 
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mechanical thresholds of C and AM fibres did not differ significantly 
between genotypes (Supplementary Fig. 2d). Taken together, these 
findings demonstrate that loss of TRPM8 expression results in a 
selective deficit in cold sensitivity of both C and AM fibres, without 
affecting other aspects of electrical and mechanical excitability. 

To assess behavioural cold sensitivity, we first measured acute 
flinching responses to acetone-evoked evaporative cooling of the 
hind paw. TRPM8-deficient mice showed a significant reduction 
(~50%) in this nocifensive response compared to wild-type litter- 
mates (Fig. 4a). Next, we asked whether these animals also exhibit 
deficits in their ability to discriminate between warm and cold 
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Figure 3 | TRPM8-deficient nerve fibres show loss of cold sensitivity. 

a, Typical response of wild-type (top) and TRPM8-deficient (bottom) 
cutaneous C fibre to a cold ramp (32 to 2 °C, over 20s). Action potential 
waveform is shown to right of trace. b, Percentage of C fibres responding to 
cold ramp in wild-type (black; n = 60) versus TRPM8 /~ (red; n = 56) mice 
(left). Average cold-evoked action potential firing rate in C fibres of wild-type 
(n = 21) versus TRPM8 /~ (n= 3) mice (right; mean + s.e.m.). ¢, Typical 
response of wild-type (top) and TRPM8-deficient (bottom) cutaneous AM 
fibre to a cold ramp (32 to 2 °C, over 20s). d, Percentage of AM fibres 
responding to cold ramp in wild-type (black; n = 24) versus TRPM8 /~ (red; 
n = 26) mice (left). Average cold-evoked action potential firing rate in AM 
fibres of wild-type (n = 4; mean + s.e.m.) versus TRPM8 ‘/~ (n= 1) mice 
(right). ***P < 0.001, Student’s t-test or Fisher’s exact test. 
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surfaces. Animals were allowed to explore adjacent surfaces, with one 
held at 30°C and the other ranging from 49 to 5°C (Fig. 4b). The 
percentage of time spent on the 30°C surface was measured over a 
5 min period. When placed on equivalent temperatures (both 30 °C), 
neither wild-type nor mutant mice displayed a preference, spending 
equal time on each side, as expected (Fig. 4c). As the variable plate 
was cooled, wild-type mice showed a clear preference for the 30 °C 
side, spending less time on the cold side as temperature decreased. 
In striking contrast, TRPM8-deficient littermates showed relatively 
little, if any, preference for the 30°C side until the adjacent surface 
dropped below 15 °C (Fig. 4c), a threshold that has been suggested to 
represent a demarcation between innocuous cool and noxious cold in 
primates”’. But even at these lower temperatures, TRPM8 /~ mice 
explored the cold surface for an extended period, taking substantially 
more time than wild-type littermates to appreciate the aversive nat- 
ure of the environment relative to the warmer side. Wild-type and 
mutant mice also exhibited striking differences in their patterns of 
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Figure 4 | TRPM8 is required for normal cold-evoked behaviours. 

a, Licking and flinching in response to evaporative cooling was measured for 
1 min following application of acetone (50 ill) to the hind paw. TRPM8 /~ 
mice displayed significantly decreased behaviour compared to TRPM8 ‘/* 
littermates (n = 21 mice per genotype). b, Mouse in temperature preference 
chamber. c, TRPM8*’* and TRPM8 ‘~ littermates were allowed to choose 
between adjacent surfaces adjusted to 30 °C versus a range of temperatures, 
as shown. The percentage of time spent at 30 °C over a5 min period is shown 
(n= 10 mice per genotype). d, Latency to licking or flinching of the hind paw 
was measured following placement of mice on a single platform set to a 
variety of temperatures, as shown. TRPM8*!* and TRPM8 ‘littermates 
displayed similar latencies at all temperatures examined (n = 6 mice per 
genotype). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with 
Tukey’s HSD post-hoc analysis. Graphs display mean + s.e.m. 
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exploratory behaviour when approaching a cold surface. After their 
initial contact with the colder surface, wild-type animals approached 
the plate with apparent trepidation, making only rapid and brief 
contact with their front paws before withdrawing to the warmer side. 
In contrast, TRPM8-deficient mice made full transitions to the cold 
side and showed relatively uninhibited exploratory behaviour, as 
reflected by the greater number of crossings between adjacent sur- 
faces (Supplementary Video 1). Nonetheless, mutant mice displayed 
normal preference for 30 °C over noxious heat (49 °C), and thus did 
not exhibit a general deficiency in thermosensation (Fig. 4c). 

We also examined nocifensive behaviours by placing animals on a 
single plate set to a variety of noxious temperatures. Equivalent lick- 
ing, flinching or shivering responses were observed when TRPM8- 
deficient or wild-type mice were placed on a plate set to 52, 10, 0 or 
—5°C (Fig. 4d). No behavioural responses were observed at non- 
noxious settings of 20 and 30 °C (not shown). Similar findings were 
obtained using a behavioural paradigm that measures time to paw 
withdrawal from a radiant heat source, where mutant and wild-type 
mice showed similar latencies (11.8+0.42s and 12.2+0.49s, 
respectively; n= 11 per genotype; Supplementary Fig. 3). Baseline 
mechanical sensitivity was also normal in TRPM8-deficient mice; 
paw-withdrawal thresholds to graded mechanical force did not differ 
with genotype (0.77 + 0.12 g and 0.73 + 0.09 g for TRPM8 ‘~ and 
TRPM8*’* littermates, respectively; n= 23 per genotype; Supple- 
mentary Fig. 3). Taken together, our results show that TRPM8 is 
specifically required for normal cold sensation, but not for the detec- 
tion of pressure or heat. 

Cloning of the capsaicin receptor TRPV1 and its heat-sensitive 
homologue TRPV2 led to the prediction that a family of TRP channel 
subtypes mediates peripheral temperature detection over a wide 
physiological range, from hot to cold’. Molecular characterization 
of TRPM8 bolstered this hypothesis because the electrophysiological 
and pharmacological properties of the cloned channel resemble those 
of a major subclass of native cold-evoked membrane currents*'®’*7", 
However, some studies have suggested that a significant component 
of cold-evoked neuronal depolarization or fibre excitation is mediated 
by other entities, such as epithelial sodium channels, TRPA1, back- 
ground potassium channels, or ion pumps”*'*”**, It has also been 
proposed that cold evokes psychophysical sensations through its 
effects on vascular tone, which are then transduced to sensory affer- 
ents indirectly**”®. Our present results show that TRPM8 is essential 
for a large component of cold sensitivity, whether assessed at the 
cellular, nerve terminal or behavioural level. These findings solidify 
the importance of this channel, and the primary afferent nerve fibre, 
for the direct detection of environmental cold. More generally, our 
results confirm the hypothesis that TRP channels serve as the principal 
transducers of thermal stimuli within the mammalian peripheral 
nervous system. 

TRPM8-deficient mice retain a small, but finite number of cold- 
sensitive neurons, consistent with our fibre recordings showing a 
small residual population of cold-sensitive C and AM units. More- 
over, these animals display aversion to cold at temperatures below 
15°C, which is considered to be an approximate demarcation 
between innocuous cool and noxious cold”*’’. These observations 
suggest that TRPM8-independent mechanisms exist for the detection 
of cold, and are consistent with a number of cellular studies des- 
cribing a population of menthol-insensitive, cold-sensitive neu- 
rons'''**®, The residual cold-sensitive neurons and fibres that we 
observe in TRPM8-deficient mice probably correspond to this 
population on the basis of the similar prevalence and activation 
threshold of ~12°C. The molecular mechanism underlying this 
small, but finite cold sensitivity remains unknown, but could involve 
modulation of other excitatory or inhibitory channels on primary 
afferent sensory neurons. The mustard-oil receptor TRPA1 has been 
proposed to function as a detector of noxious cold by menthol- 
insensitive nociceptors’, although recent electrophysiological and 
genetic studies suggest otherwise'’’*”°”°. In any case, our present 
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results show that the residual cold-sensitive neurons in TRPM8- 
deficient mice are not mustard-oil-sensitive, suggesting that 
TRPAI does not underlie this response. Consistent with these cellular 
findings, TRPA1-deficient mice (males or females) were indistin- 
guishable from wild-type littermates when examined for behavioural 
responses to cold using the two-plate choice test (Supplementary Fig. 
4). Furthermore, a recent analysis of skin-nerve preparations from 
TRPA1-deficient mice showed no deficit in cold responsiveness in 
either C or A fibre nociceptors (C.L.S. and personal communication 
from K. Y. Kwan). 

Our behavioural analysis shows that TRPM8 constitutes the prim- 
ary, if not sole determinant of thermosensitivity in the cool range, 
and that it also contributes to the detection of noxious cold, defined 
as temperatures below 15 °C. It remains to be determined whether 
the small residual population of cold-sensitive neurons and fibres 
enables TRPM8 ‘~ mice to recognize noxious cold. In addition to 
activating TRPM8, noxious cold may also activate sensory nerve 
fibres indirectly by provoking tissue injury or changes in vascular 
tone, thereby leading to the production or release of pro-algesic 
agents that evoke pain by stimulating nociceptors. Alternatively, 
aversion to noxious cold may be triggered by the inhibition of 
warm-sensing fibres. TRPM8-deficient mice now provide a genetic 
model with which to dissect this residual aspect of cold sensation. 


METHODS 

Mouse genetics. TRPM8-deficient mice were generated through homologous 
recombination in E14Tg2A.4 embryonic stem cells. Positive clones were injected 
into C57/Bl6 blastocysts and male chimaeras mated to C57/Bl6 females. 
Heterozygotes thus produced were crossed to generate paired F2 littermates 
for all studies. 

Histology. Frozen paraformaldehyde-fixed tissue sections were prepared from 
trigeminal ganglia of wild-type or TRPM8-deficient mice and incubated with a 
variety of previously characterized antibody or nucleic acid probes. For any given 
marker, quantification of labelled cells was assessed while blind to genotype. 
Cell and nerve fibre physiology. Dissociated sensory neurons from trigeminal 
or dorsal root ganglia of wild-type and TRPM8-deficient mice were placed in 
culture and analysed for chemical or thermal sensitivity using Fura 2-AM based 
ratiometric calcium imaging. The skin-nerve preparation was used to obtain 
electrophysiological recordings from desheathed saphenous nerve. Single affer- 
ent units were identified using an unbiased electrical search stimulus and sub- 
sequently examined for responsiveness to a cold ramp in which perfusate 
temperature decreased from 32 to 2°C over 20s. Both calcium imaging and 
nerve fibre recording were carried out with preparations from individual litter- 
mates while blind to genotype. 

Behaviour. Cold sensitivity was assessed using acetone-evoked evaporative cool- 
ing or two-plate choice tests. Response latencies to noxious temperatures were 
measured using radiant heating or single hot/cold plate paradigms. Mechanical 
thresholds were determined using calibrated von Frey filaments. Behavioural 
studies were carried out with paired littermates while blind to genotype. All 
experiments were performed according to the policies and recommendations 
of the International Association for the Study of Pain and approved by the 
University of California, San Francisco Institution Animal Care and Use 
Committee. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

TRPMS gene disruption. The targeting construct deleted 569 base pairs of 
genomic sequence within exons 13 and 14. Genomic DNA flanking the deleted 
region (1.9 and 8.7kb) was PCR-amplified with KOD polymerase (Novagen/ 
Toboyo) from clones 326P3 and 572M11 of the RPCI-22 Bac library 
(Invitrogen), subcloned and sequenced. Fragments were transferred to pACN, 
a vector with a neomycin cassette that is removed through self-excision in the 
male germline”’. Linearized targeting construct was transfected into El4Tg2A.4 
mouse embryonic stem cells (UCSF Core Facility). G418-resistant clones were 
screened for homologous recombination by PCR and verified by Southern blot- 
ting using 5’ and 3’ flanking probes as well as a neomycin cassette probe. 
Targeted embryonic stem cell clones were injected into C57/Bl6 blastocysts 
and chimaeric mice mated to C57/Bl6 females. Heterozygotes were mated to 
produce paired littermates for all studies. Germline transmission of the mutated 
allele and excision of the selection cassette were verified by PCR analysis and 
Southern blotting. 

Histology and PCR. Cryostat sections (15 um thick) were prepared from para- 
formaldehyde-fixed trigeminal ganglia as described*. Sections were incubated 
overnight at 4 °C with affinity purified guinea pig anti-mouse TRPV1 antiserum 
diluted 1:1,000 (Julius laboratory), affinity purified rabbit anti-rat TRPMB8 anti- 
serum diluted 1:1,000 (kindly provided by M. Tominaga), guinea pig anti- 
substance P antiserum diluted 1:20,000 (kindly provided by J. Maggio), or goat 
anti-peripherin antiserum (Santa Cruz Biotechnology). Primary antisera were 
visualized by subsequent incubation with AlexaFluor 594- or 488-coupled 
secondary antibody (Invitrogen). For RT-PCR, total RNA was isolated from 
trigeminal ganglia of TRPM8~/~ or TRPM8*/* mice and 1 pg was used to 
synthesize first-strand complementary DNA using SuperScript II reverse tran- 
scriptase (Invitrogen) according to the manufacturer’s protocol. PCR was 
carried out using primer pairs corresponding to nucleotides 1909-1933 and 
2907-2931 for mouse TRPM8, and 1681-1710 and 2453-2481 for mouse 
TRPAIL. 

Calcium imaging. Dissociation and culturing of mouse trigeminal or dorsal root 
ganglion neurons and ratiometric calcium imaging were carried out as prev- 
iously described’. For calcium imaging experiments, analysis was performed on 
neurons cultured from individual littermates while blind to genotype. Thermal 
threshold were defined as the temperature at which the response exceeds the 
standard deviation of the baseline by fivefold. 

Skin-nerve preparation and fibre analysis. Mice were anaesthetized with iso- 
fluorane and sacrificed via cervical dislocation. Saphenous nerve and skin from 
the medial dorsum of the hind paw were dissected free and placed corium side up 
into a tissue bath superfused with oxygen-saturated synthetic interstitial fluid 
containing (in mM): 123 NaCl, 3.5 KCI, 0.7 MgSOu, 1.7 NaH2POu, 2.0 CaCh, 9.5 
sodium gluconate, 5.5 glucose, 7.5 sucrose and 10 HEPES, 290 mOsm, pH 7.45 + 
0.05, at 32.0 + 0.5 °C. The saphenous nerve was desheathed and teased into fine 
filaments for extracellular recordings as previously described'®'’. Single afferent 
units were identified using an electrical search stimulus in which a Teflon-coated 
steel needle electrode (2 MQ impedance, uninsulated tip diameter of 10 ,1m) was 
inserted systematically across the skin preparation while square-wave pulses 
(500 Us, 6mA) were applied. Following action potential (signal-to-noise 
ratio > 3) identification, the surrounding tissue was probed to identify the low- 
est electrical threshold. This point corresponded reliably to the most mechanic- 
ally sensitive part of the receptive field in mechanically sensitive fibres as 
determined by calibrated von Frey filaments. Conduction velocity was calculated 
as previously described'®. Units conducting slower than 1.2 ms_' were classified 
as unmyelinated C fibres, those conducting between 1.2 and 10ms | were 
classified as thinly myelinated A6 fibres, and those exhibiting slowly adapting 
responses to sustained force were further classified as AM fibres. C fibres and AM 
fibres were characterized for cold responsiveness. Cold stimuli were delivered 
as follows: first, physiological zero buffer (32°C) was applied to the isolated 
receptive field for 20s. Next, a cold ramp was applied from 32 to 2°C over a 
20s duration. Action potentials were recorded and analysed as previously 
described'®. The number of action potentials evoked during a 32 °C buffer stimu- 
lus (20s) was subtracted from the total number evoked during the cold ramp. 
For each fibre, the cold threshold was identified as the temperature at which the 
firing rate exceeded five times the standard deviation of the baseline firing rate 
sampled during the 32°C stimulus. All experiments and analyses were per- 
formed blind to genotype. One-way ANOVA and Student’s t-test were used to 
determine significance between wild-type and mutant responses, as indicated in 
the figure legends. 

Behaviour. All mice (20-35 g) were housed with 12h light-dark cycle at an 
ambient temperature of 21°C and experiments were performed under the pol- 
icies and recommendations of the International Association for the Study of Pain 
and approved by the University of California, San Francisco Institution Animal 
Care and Use Committee. Core body temperature was measured rectally with a 
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thermocouple probe (Physitemp). A 50% mechanical threshold was determined 
with von Frey hair filaments using the ‘up and down paradigm’ starting with 
0.1 g and ending with a 2.0 g filament as a cut-off value. Noxious thermal thresh- 
olds were determined using an adaptation of the radiant heat test*’, and cold/hot 
plate tests in which the temperature of the platform was varied between +52 to— 
10°C. Time to first response for shivering, flinching or hind paw lifting was 
recorded with a cut-off value of 300s for cold or 20 for heat to prevent thermal 
injury. Responses to evaporative cooling were assessed by applying acetone to the 
hind paw as previously described". For the two-plate choice test, animals were 
placed in a chamber containing identical adjacent platforms with one set to 30 °C 
and the other adjusted to various temperatures. Mice were free to explore and the 
total time spent on each surface was recorded over a 5 min period. All data sets 
were analysed using two- or one-way ANOVA analysis followed by Tukey’s HSD 
post-hoc analysis. All behavioural tests were performed by a single individual 
who was blind to genotype. Behavioural experiments were performed with F2 
generation littermates and thus it is formally possible that strain-polymorphic 
determinants could contribute to cold preference behaviour if they are closely 
linked to the TRPMB8 locus. Future analysis of animals on a more uniform genetic 
background will address this issue. 
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An efflux transporter of silicon in rice 


Jian Feng Ma', Naoki Yamaji'*, Namiki Mitani'*, Kazunori Tamai', Saeko Konishi’, Toru Fujiwara’, 


Maki Katsuhara’ & Masahiro Yano” 


Silicon is an important nutrient for the optimal growth and 
sustainable production of rice’*. Rice accumulates up to 10% 
silicon in the shoot, and this high accumulation is required to 
protect the plant from multiple abiotic and biotic stresses’. A 
gene, Lsil, that encodes a silicon influx transporter has been 
identified in rice®. Here we describe a previously uncharacterized 
gene, low silicon rice 2 (Lsi2), which has no similarity to Lsil. 
This gene is constitutively expressed in the roots. The protein 
encoded by this gene is localized, like Lsil, on the plasma mem- 
brane of cells in both the exodermis and the endodermis, but in 
contrast to Lsil, which is localized on the distal side, Lsi2 is loca- 
lized on the proximal side of the same cells. Expression of Lsi2 in 
Xenopus oocytes did not result in influx transport activity for 
silicon, but preloading of the oocytes with silicon resulted in a 
release of silicon, indicating that Lsi2 is a silicon efflux trans- 
porter. The identification of this silicon transporter revealed a 
unique mechanism of nutrient transport in plants: having an 
influx transporter on one side and an efflux transporter on the 
other side of the cell to permit the effective transcellular transport 
of the nutrients. 

Silicon is the second most abundant element in the Earth’s crust 
and soil. It is essential for diatoms and plants in the Equisetales and is 
“quasi-essential’ for higher-plant growth’. All plants contain silicon, 
but the concentration differs greatly with the plant species, ranging 
from 0.1 to 10% in shoots’”. Rice (Oryza sativa L.) is a typical silicon- 
accumulating plant>’, requiring large amounts of silicon for vigorous 
growth and high production*”’. Silicon deposited in the leaves, stem 
and husk forms a physiological barrier®, which mitigates fungal infec- 
tion and pest attack, alleviates lodging and other abiotic stress, 
improves the light-interception ability by plants in a community, 
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Figure 1| Silicon uptake and phenotype of /si2 mutant. a, Time-dependent 
uptake of silicon in wild-type rice (circles; cv. Taichung-65) and the /si2 

mutant (triangles). Data are shown as means = s.d. (n = 3). b, Silica bodies 
(SB) on the flag leaf of wild-type rice (left) and the /si2 mutant (right) grown 


and minimizes transpiration losses’. Soluble silicon in plants also 
has an active function in enhancing host resistance to plant diseases 
by stimulating one or more defence reaction mechanisms’. 

Rice takes up much more silicon from the roots than other gra- 
mineous crops, and the involvement of a specific transporter for 
silicon has been proposed’®"'. Recently, a gene, Lsil, encoding a 
silicon uptake transporter was identified in rice®. This gene was 
cloned by using a rice mutant defective in silicon uptake’*. The pro- 
tein belongs to a Nod26-like major intrinsic protein (NIP) subfamily 
in the aquaporin family. Lsil is expressed mainly in the roots, and the 
encoded protein shows transport activity specific to silicon. The 
transport protein is localized on the plasma membrane of the distal 
side of cells in both the exodermis and endodermis. Lsil is an influx 
transporter responsible for the transport of silicon from the external 
solution to the root cells. Therefore, to reach the stele, silicon must be 
transported out of the cells. However, genes responsible for the efflux 
of silicon have not been identified until now. 

To identify genes involved in the efflux transport of silicon, we 
screened new rice mutants defective in silicon uptake, using tolerance 
to germanium asa selection parameter. Germanium is an analogue of 
silicon, and plant roots take up germanium in a manner similar to 
that of silicon’*"'°. However, germanium is toxic to plants, producing 
brown spots on the leaves'*. We obtained a mutant that had no brown 
spots on the leaves from about 4,600 M; seeds (cv. Taichung-65) 
mutagenized with N-methyl-N-nitrosourea and named this mutant 
low silicon rice 2 (Isi2). The uptake of silicon by the mutant was much 
lower than that by wild-type rice (Fig. la). The morphology and 
growth of this mutant at a young stage were the same as those of 
wild-type rice when they were grown in the absence of silicon. 
However, when they were grown in the field, both growth and 
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Transgenic lines 


in a field. Scale bars, 100 jm. c, Complementation test showing silicon 
uptake by two independent transgenic lines as well as the wild-type rice 
(WT) and the mutant. Data are shown as means and s.d. (n = 3). 
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production were repressed in the mutant (Supplementary Fig. 1); the 
grain yield of the mutant was only 40% of that of the wild-type rice. 
The decrease resulted from low accumulation of silicon in the shoot 
and hull in the mutant (Fig. 1b, and Supplementary Fig. 2). There was 
no difference in uptake of potassium and phosphorus between the 
mutant and the wild-type rice (Supplementary Fig. 2). Genetic 
analysis showed that the low uptake of silicon in the mutant was 
controlled independently of Lsil by a recessive gene (Supplemen- 
tary Fig. 3). 

We constructed an F, mapping population derived from a cross 
between /si2 and Kasalath, an indica cultivar. We mapped the gene 
(Lsi2) roughly to the distal region of chromosome 3 with bulk seg- 
regant analysis by using F, plants (Supplementary Fig. 4a). For fine 
mapping of Lsi2 we used about 300 homozygotes with a low uptake of 
silicon. We developed new markers and mapped the candidate region 
of Lsi2 to 106 kilobases (kb) between the markers |si2-b and |si2-c 
(Supplementary Fig. 4b). There are predicted to be 17 genes in this 
region. On the basis of the annotation, we chose a gene annotated 
with a putative anion transporter as a candidate (Supplementary Fig. 
4c) and then sequenced and compared the gene in the wild type with 
that in the /si2 mutant. We found a single-base mutation in the first 
exon of the candidate gene from G in the wild type to A in the mutant, 
resulting in an amino acid change from serine 115 to asparagine 
(Supplementary Fig. 4d, 5). The gene consists of two exons and 
one intron (Supplementary Fig. 4d). The open reading frame 
(ORE) of this gene was 1,416 base pairs long and the deduced protein 
consisted of 472 amino-acid residues (Supplementary Fig. 5). The 
gene is predicted to encode a membrane protein with 11 transmem- 
brane domains. 

To confirm that this candidate gene was Lsi2, we performed a 
complementation test by introducing an 8-kilobase-pair clone 
containing the promoter and the candidate gene into the /si2 mutant. 
In the two independently generated Ty transgenic lines, silicon 
uptake was completely recovered, but not in the control lines. 
Furthermore, in T, lines carrying Lsi2, silicon uptake was the same 
as that in the wild type (Fig. 1c). These results confirm that the 
candidate gene is Lis2 and that it is responsible for silicon uptake. 

A BLAST search and a ClustalW analysis revealed that Lsi2 is a 
putative anion transporter with no similarity to the silicon influx 
transporter Lsil (ref. 6). In all we found six full-length homologues 
in higher plants in the database, including one in Arabidopsis and five 
in rice (Supplementary Fig. 6). In addition, some close homologues 
were reported as expressed sequence tag clones from other gramin- 
eous crops, including wheat, barley, maize, sorghum and sugar cane. 
The closest homologue in rice (Os10g0547500) has an identity of 
81% with Lsi2 (Supplementary Fig. 6). The functions of these genes, 
however, have not yet been identified in plants. In Escherichia coli, a 
gene (ArsB) with the same motif as Lsi2 encodes an efflux transporter 
of arsenic and antimony'®. Whether Lsi2 has transport activity for 
arsenic remains to be determined, although rice accumulates silicon 
much more than arsenic. 

Lsi2 was expressed mainly in the roots (Fig. 2a). There was no 
difference in the mRNA accumulation pattern between Lsi2 (the wild 
type) and /si2 (the mutant). The mRNA accumulation was constitu- 
tive but it was decreased by one-quarter by a continuous supply of 
silicon for three days (Supplementary Fig. 7). Furthermore, the accu- 
mulation of Lsi2 transcripts was very low in the root tip (0-10 mm), 
but high in the mature parts of the roots (Supplementary Fig. 8). 
Because the transcripts of Lsil showed a similar accumulation 
pattern’, the expression of Lsil and Lsi2 may be regulated in a similar 
manner. In fact, we found that there are common domains in the 
promoter region between Lsil and Lsi2 (Supplementary Fig. 9). 

We investigated the subcellular localization of Lsi2 by delivering a 
translational fusion between green fluorescent protein (GFP) and 
Lsi2 and into onion epidermal cells by particle bombardment. Cells 
expressing the GFP—Lsi2 fusion showed a GFP signal only at the 
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plasma membrane, which is located inside the cell wall but outside 
the nucleus and vacuole (Supplementary Fig. 10). 

For further examination of the localization of Lsi2 in rice roots, 
we made transgenic rice plants carrying GFP under the control of 
the Lsi2 promoter region (2kb). The GFP fluorescence signal was 
observed in both the exodermis and the endodermis (Fig. 2b). 
Furthermore, we stained the roots with an anti-Lsi2 polyclonal anti- 
body as well as co-staining with an anti-Lsil polyclonal antibody and 
4,6-diamidino-2-phenylindole (DAPI). We also observed that Lsi2 
was localized at the plasma membrane of both the exodermal and 
endodermal cells of the roots (Fig. 2c, d). Lsi2 is therefore localized at 
the same cells as Lsil (Fig. 2d, ref. 6). However, in contrast to Lsil, 
which is localized on the distal side®, Lsi2 was localized on the prox- 
imal side of the exodermal and endodermal cells (Fig. 2c, d). 

To examine the silicon transport activity of Lsi2, we injected water 
or capped RNA encoding Lsil or Lsi2 into Xenopus laevis oocytes and 
then measured the silicon inside the oocytes after incubation for 2h 
in a solution containing silicic acid labelled with °’Ge. In contrast to 
Lsil, which showed uptake activity into oocytes, Lsi2 did not show 
uptake activity for silicon (Supplementary Fig. 11), suggesting that 
Lsi2 is unable to transport silicon from the external solution into the 
cell. However, when silicic acid labelled with “Ge was preloaded into 
the oocytes, release of silicon was significantly increased in the 
oocytes injected with the wild-type Lsi2 (Fig. 3a). These results sug- 
gest that in contrast to influx transporter Lsil (designated SIIT1), 
Lsi2 is a silicon efflux transporter (SIET1), which is capable of 
transporting silicon out of the cells. In oocytes injected with mutant 
Isi2, no efflux of silicon occurred (Fig. 3a). Computer modelling 
predicted that the residue change at the 115 position in the mutant 
may affect the conformation change of the protein that is required 
when silicon is transported. Efflux of silicon was inhibited by low- 
temperature treatment and by three protonophores, namely 2,4- 
dinitrophenol (DNP), carbonylcyanide 3-chlorophenylhydrazone 
(CCCP) and carbonylcyanide p-(trifluoromethoxy)phenylhydra- 
zone (FCCP) (Supplementary Fig. 12). This is in agreement with 
the findings obtained in rice'’”. Furthermore, the efflux increased with 
decreasing external pH values (Fig. 3b). Taken together, these results 
suggest that the transport of silicon by SIET1 is an energy-dependent 


Figure 2 | Expression and localization of Lsi2. a, Analysis of Lsi2 and actin- 
gene (internal standard) transcripts in the leaf blade (LB), leaf sheath (LS) 
and root (R) in the wild-type (W) and /si2 mutant (m) by RT-PCR. 

b, Fluorescence of GFP controlled by the Lsi2 promoter in transgenic plants. 
Cross-section observed by laser scanning confocal microscopy, 
counterstained with propidium iodide. c, Immunolocalization of Lsi2 in the 
seminal root (red). d, Merged image of Lsil (green), Lsi2 (red) 
immunolocalization, nuclei stained by DAPI (cyan) and cell wall 
autofluorescence (blue). EX, exodermis; EN, endodermis. Scale bars, 100 ium 
(b, ¢), 20 ttm (d). 
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Figure 3 | Efflux activity of Lsi2 in Xenopus oocytes. a, Time-dependent 
efflux of silicon. Oocytes previously injected with water (crosses) or with Lsi2 
(circles) or Isi2 (triangles) CRNA were preloaded with 1.0 mM silicon labelled 


active process driven by the proton gradient, although more work 
will be required to determine the actual transport mechanisms un- 
ambiguously. 

Casparian strips exist in both the exodermis and endodermis in 
rice®. Because of the casparian strips, solutes cannot pass freely from 
the external solution to the stele’”. In fact, large amounts of silicon are 
deposited on the exodermis and endodermis'*. Both SHT1 and SIET1 
are required for the transcellular transport of silicon to the stele 
(Supplementary Fig. 13). Moreover, in rice roots aerenchyma is 
formed'’, accompanied by the destruction of almost all cortex cells 
except the exodermis and endodermis in mature roots. Therefore, 
silicon transported into the exodermal cells by SIIT1 is released by 
SIET1 into the apoplast of a spoke-like structure across the aeren- 
chyma (Supplementary Fig. 13). Silicon is then transported into the 
endodermal cells by SIIT1 and released into the stele by SIET1 
(Supplementary Fig. 13). Coupling of SIIT1 and SIET1 in the same 
cell in the casparian strips is therefore required for the efficient trans- 
port of silicon across the cells into the stele. 

In the plant kingdom, silicon is accumulated highly in the 
Bryophyta, as well as the Lycopsida and Equisetopsida of the 
Pteridophyta, but is accumulated hardly at all in the Filicopsida in 
the Pteridophyta, and in the Gymnospermae”’. In the Angiospermae, 
only the Cyperaceae and Gramineae show a high accumulation of 
silicon’. However, only one gene (Lsil) responsible for silicon 
uptake has so far been identified in higher plants®. In the marine 
diatom Cylindrotheca fusiformis, which requires silicon as an essential 
element, a gene family encoding a silicon transporter has been iden- 
tified’”*’. However, there is no similarity between these genes and 
Lsi2 identified here. The identification of Lsi2 as well as Lsil not only 
provides a new insight into the silicon uptake system in higher plants; 
it also provides a clue to the evolutionary relationship of silicon 
accumulation. 


METHODS SUMMARY 


We obtained a rice mutant (/si2) defective in silicon uptake by screening mutants 
from Ms; seeds treated with the mutagen N-methyl-N-nitrosourea (wild-type 
Taichung-65) on the soil containing 50 mg of Ge per kg of soil, as GeO2. We 
determined silicon uptake by the /si2 mutant and the wild-type rice by subjecting 
young seedlings grown hydroponically to a nutrient solution containing 0.5 mM 
silicon as silicic acid, as described previously. We also grew both the wild-type 
rice and the /si2 mutant in a field from June to October. We investigated the grain 
yield and observed the silica bodies of the flag leaf by using safranine staining”. 
The concentrations of minerals (silicon, phosphorus and potassium) in the 
shoots and hulls were determined as reported”. 

We first roughly mapped Lsi2 by bulk segregant analysis with F plants derived 
from a cross between /si2 and Kasalath, as described previously’. For fine map- 
ping we used a total of 300 homozygote plants showing low uptake of silicon. For 
the complementation test, we transferred an 8-kb clone containing Lsi2 and its 
promoter into the calluses derived from the mutant /si2, using an Agrobacterium- 
mediated transformation system”. To investigate the cellular localization of Lsi2 
we introduced a construct consisting of the promoter (2 kb) of Lsi2 fused with 
GFP to calluses (cv. Nipponbare). 
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with “Ge. Data are shown as means + s.d. (n = 3 or 4). b, Dependence of 
silicon efflux on extracellular pH. Open bars, water; filled bars, Lsi2. Data are 
shown as means and s.d. (n = 3 or 4). 


We also examined the cellular localization of Lsi2 with immunohistological 
fluorescence staining as described previously®. For multi-colour staining of Lsil 
and Lsi2, we used a Zenon Rabbit IgG Labelling Kit (Molecular Probes) in 
accordance with the manufacturer’s instructions. 

We investigated the expression of Lsi2 in different tissues by quantitative 
RT-PCR. We measured the transport activity of silicon by exposing Xenopus 
oocytes injected with cRNA of Lsil, Lsi2 or Isi2 (50 nl, 1 ng nl) or distilled water 
o *Ge-labelled silicon solution under different conditions. We then measured 
he radioactivity in the external solution and the oocytes with a liquid scintil- 
lation counter”’. 


Full Methods and any associated references are available in the online version of 
he paper at www.nature.com/nature. 
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METHODS 

Screening of rice mutants defective in silicon uptake. We sowed M3 seeds 
treated with the mutagen N-methyl-N-nitrosourea (wild-type Taichung-65) 
on soil containing 50mg of Ge per kg of soil, as GeO3. After a one-month 
cultivation, we selected seedlings that did not show brown spots on the leaf 
blades'*. We then grew the candidate mutants in the field and obtained a novel 
mutant named low silicon rice 2 (Isi2) after secondary screening by determination 
of silicon uptake. 

Physiological study of Isi2. We determined silicon uptake by the /si2 mutant and 
by the wild type by subjecting young seedlings grown hydroponically in a nutri- 
ent solution containing 0.5 mM silicon as silicic acid, as described previously”. 
We also grew both wild-type rice and the /si2 mutant in a field from June to 
October. We investigated the grain yield and took the flag leaf for the detection of 
silica bodies at harvest. Silica bodies were observed under a microscope after 
staining of the leaf with 0.01% safranin in boiled phenol”. The concentrations of 
minerals (silicon, phosphorus and potassium) in the shoots and hulls were 
determined as reported”. 

Map-based cloning of Lsi2. We first mapped Lsi2 roughly by bulk segregant 
analysis with F, plants derived from a cross between /si2 and Kasalath, as 
described previously®. For fine mapping we used a total of 300 homozygote 
plants showing low uptake of silicon. Linkage analysis with both simple sequence 
repeats (SSR) and PCR markers revealed that Lsi2 was restricted to a 106-kb 
genomic region on the PAC clone AC113930. 

Complementation test. We obtained a clone (K0135E16) containing Lsi2 by 
screening a total of 48,000 bacterial artificial chromosome clones of Kasalath. 
After partial enzymatic cutting with Sau3Al, we selected an 8-kb clone contain- 
ing Lsi2 and its promoter. This clone was inserted into a vector (pPZP2H-lac)**, 
and then transformed into Agrobacterium tumefaciens (strain EHA101). We 
transferred it into calluses derived from the mutant /si2 by using an 
Agrobacterium-mediated transformation system**. We obtained two indepen- 
dent transgenic lines and vector control lines each and determined silicon uptake 
in the Ty and T, lines in a nutrient solution containing 1.0 mM silicon. 
Cellular localization of Lsi2. We first investigated the subcellular localization of 
Lsi2 by expressing it transiently in onion epidermal cells. Onion epidermal cells 
were bombarded with 1-11m gold particles coated with plasmid DNA carrying 
Lsi2 fused with GFP incubated in the dark at 25 °C for 20h. After plasmolysis of 
cells with 1 M mannitol, we observed fluorescence by laser-scanning confocal 
microscopy. 


nature 


To investigate the cellular localization of Lsi2 further, we introduced a con- 
struct consisting of the promoter (2 kb) of Lsi2 fused with GFP to calluses (cv. 
Nipponbare) by using an Agrobacterium-mediated transformation system**. We 
selected transformed calluses by hygromycin resistance, and from them regen- 
erated plants. 

We also examined the cellular localization of Lsi2 by immunohistological 
fluorescence staining, as described previously’. We observed fluorescence 
with a laser scanning confocal microscope (LSM510; Carl Zeiss). For multi- 
colour staining of Lsil and Lsi2, we used a Zenon Rabbit IgG Labelling Kit 
(Molecular Probes) in accordance with the manufacturer’s instructions. We also 
stained the root sections with DAPI and observed the autofluorescence of the cell 
wall. 

Expression studies. We investigated the expression of Lsi2 by quantitative RT— 
PCR. We extracted total RNA from the leaf blade, leaf sheath and root as well as 
different segments of the root, and then converted them to complementary 
DNA. Lsi2, and the actin gene as an internal control, were amplified by using 
SYBR Green I real-time PCR with the following primer pairs: 5’-ATCTGG- 
GACTTCATGGCCC-3' (forward) and 5'-ACGTTTGATGCGAGGTTGG-3’ 
(reverse) for Lsi2, and 5'-GACTCTGGTGATGGTGTCAGC-3’ (forward) and 
5'-GGCTGGAAGAGGACCTCAGG-3’ (reverse) for the actin gene. 

Transport activity in oocytes. We performed in vitro transcription from a 
pXBG-ev1 poly(A) vector carrying Lsil, Lsi2 or Isi2 cDNA. We injected distilled 
water or the capped cRNA of Lsil, Lsi2 or Isi2 (50 nl, 1ngnl~') into Xenopus 
oocytes selected according to size and development stage. For uptake experi- 
ments, after incubation for one day, the oocytes were exposed to a solution 
containing 1 mM silicon labelled with Ge (9 MBq mmol ') for 2h (ref. 27). 
We then washed the oocytes five times with modified Barth’s saline (MBS) 
without silicon and °°Ge, and homogenized them with 0.1 M HNO3. For efflux 
experiments we injected 50 nl of solution containing 1 mM silicon labelled with 
°8Ge (2 GBq mmol ') into oocytes. We washed the oocytes for 10 min in MBS 
without silicon and °°Ge to remove extracellular silicon and °’Ge, and then 
transferred them to a new tube containing 500 ul of fresh MBS at 10 or 18°C 
in the presence or absence of inhibitors, namely 0.5 mM DNP, 10 uM CCCP or 
10 uM FCCP, or at different pH values. After 4h the incubation solution was 
carefully sampled. Finally, after one day we measured the radioactivity in the 
external solution and oocytes with a liquid scintillation counter. 


28. Fuse, T., Sasaki, T. & Yano, M. Ti-plasmid vectors useful for functional analysis of 
rice genes. Plant Biotechnol. 18, 219-222 (2001). 
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Increasing the ability of chemotherapeutic drugs to kill cancer 
cells is often hampered by a limited understanding of their mech- 
anism of action. Camptothecins, such as topotecan, induce cell 
death by poisoning DNA topoisomerase I, an enzyme capable of 
removing DNA supercoils'*. Topotecan is thought to stabilize 
a covalent topoisomerase-DNA complex*’, rendering it an 
obstacle to DNA replication forks***°. Here we use single- 
molecule nanomanipulation to monitor the dynamics of human 
topoisomerase I in the presence of topotecan. This allowed us 
to detect the binding and unbinding of an individual topotecan 
molecule in real time and to quantify the drug-induced trapping 
of topoisomerase on DNA. Unexpectedly, our findings also show 
that topotecan significantly hinders topoisomerase-mediated 
DNA uncoiling, with a more pronounced effect on the removal 
of positive (overwound) versus negative supercoils. In vivo experi- 
ments in the budding yeast verified the resulting prediction that 
positive supercoils would accumulate during transcription and 
replication as a consequence of camptothecin poisoning of topoi- 
somerase I. Positive supercoils, however, were not induced by drug 
treatment of cells expressing a catalytically active, camptothecin- 
resistant topoisomerase I mutant. This combination of single- 
molecule and invivo data suggests a cytotoxic mechanism for 
camptothecins, in which the accumulation of positive supercoils 
ahead of the replication machinery induces potentially lethal DNA 
lesions. 


DNA topoisomerases resolve topological problems by means of 
transient DNA strand breakage and religation'*'®. However, drug- 
stabilized topoisomerase-DNA complexes may also induce poten- 
tially lethal DNA damage. Indeed, eukaryotic DNA topoisomerase IB 
(TopIB) is the cellular target of the camptothecin class of chemother- 
apeutics”*''. The camptothecin analogues topotecan and irinotecan 
have significant activity against adult and paediatric solid tumours, 
and have gained US Food and Drug Administration approval for the 
treatment of ovarian and small-cell lung cancer'*"*. A detailed 
understanding of topoisomerase—drug interactions is critical for 
optimal clinical development of these chemotherapeutics. How- 
ever, the dynamic interactions underlying this poisoning and their 
biological ramifications remain largely unknown. 

TopIB removes DNA supercoils by first forming a clamp around 
duplex DNA’*"*. The active-site tyrosine acts as a nucleophile to cleave 
a single DNA strand, forming a transient DNA-—(3'-phosphotyrosyl)- 
enzyme ‘covalent complex’ and a free 5'-OH DNA end. Torsional 
energy within the DNA then drives uncoiling about the intact DNA 
strand. Following the removal of a random number of supercoils, a 
ligation reaction restores the DNA backbone’””’. Topotecan interca- 
lates into the nick generated by TopIB, thereby preventing religation 
and trapping TopIB on the DNA*””. During S phase, these reversible 
ternary topotecan—TopIB—DNA complexes are converted into cyto- 
toxic DNA lesions that cause cell death”**”. Because DNA replication 
is required for topotecan-induced cell lethality*’, it has been proposed 
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Figure 1| Drug-dependent slow DNA uncoiling by human TopIB. a, In the 
absence of topotecan, uncoiling (red dots, at 100s) proceeds rapidly. b, In 
the presence of topotecan, slow and continuous uncoiling of positive 
supercoils is observed. The uncoiling rate is constant, as expected in the 
constant torque regime (Supplementary Information IV). Inset, ribbon 
diagram of the carboxy terminal 70 kDa of human TopIB (blue) covalently 
linked to DNA (yellow) in the presence of topotecan (magenta). c, The 


distribution of uncoiling velocities in the presence of 5 uM topotecan 

(n = 275) and F = 0.2 pN shows contributions from topotecan-mediated 
slow uncoiling and topotecan-independent uncoiling (inset, measurement 
in the absence of topotecan (n = 64)). Topotecan-mediated uncoiling of 
positive supercoils proceeds ~20-fold more slowly than topotecan- 
independent uncoiling. 
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that these lesions occur as a result of the covalent complex ‘colliding’ 
with an advancing replication fork*’. Here we describe single- 
molecule experiments that test key predictions of the proposed mech- 
anism of poisoning of TopIB, and reveal dynamic interactions 
between topotecan and TopIB. The consequences of these interactions 
are also observed in living cells, suggesting an alternative mechanism 
for cell death. 

To examine the consequences of camptothecin binding on TopIB 
swivel function, we explored its real-time dynamics in the presence of 
topotecan in the context of a single molecule. Our experimental 
configuration, the magnetic tweezers, is described elsewhere”® (Sup- 
plementary Information I). In a typical experiment the DNA is 
mechanically coiled in the presence of TopIB, introducing multiple 
plectonemes that reduce the DNA extension (Fig. 1a). We usually 
observe a plateau (for example, from ~25 to 100s in Fig. 1a), which is 
indicative of DNA in a supercoiled and unnicked state. In the pres- 
ence of human TopIB (encoded by the TOP1 gene) but the absence of 
topotecan, the DNA is subsequently (at 100s, shown in red) rapidly 
uncoiled by the enzyme. Plectoneme removal occurs either in a single 
enzymatic event or in multiple steps (Supplementary Information 
II). Surprisingly, on addition of topotecan, a very different signature 
is observed (Fig. 1b). First, topotecan-mediated uncoiling occurs 
slowly (red points) compared with uncoiling in the absence of drug. 
Slow uncoiling is observed immediately following mechanical coil- 
ing; this proceeds in a fashion that seems to be continuous, and can 
be fitted by a linear relation (blue line). Second, slow uncoiling con- 
tinues for long periods of time. Finally, during the slow uncoiling, no 
plateaux are apparent, suggesting that religation does not take place 
(Supplementary Information III). Structural studies revealed that the 
ring-like structure of topotecan intercalates into a TopIB-generated 
nick and is stabilized by hydrogen bonds to TopIB and base-stacking 
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interactions with adjacent bases”’’. Consistent with biochemical 
assays of camptothecin-induced covalent TopIB—DNA complexes””', 
structural studies also show that topotecan locally deforms the DNA 
duplex and displaces the 5'-OH, presumably decreasing the prob- 
ability of religation. It was also speculated that contacts of topote- 
can with TopIB and DNA ought to significantly hinder rotational 
motion”'*”?—a prediction borne out by our observations. 

To quantify the reduction in uncoiling rate caused by topotecan 
binding, we examined the complete distribution of DNA extension 
velocities during enzymatic uncoiling (Fig. 1c). In the presence of 
topotecan, we identified two populations: one topotecan-mediated 
and one non-topotecan-mediated. The fraction of topotecan- 
mediated events increases with drug concentration (data not shown), 
but, even at the highest concentrations, a significant fraction of events 
remains non-topotecan-mediated. These findings are consistent with 
biochemical studies demonstrating that topotecan stabilizes a subset 
of TopIB—DNA complexes”*. Non-topotecan-mediated events, un- 
ambiguously identified by experiments in the absence of topotecan 
(Fig. lc, inset), take place, on average, at 4.1ms_'. Topotecan- 
mediated events, however, take place, on average, at 0.2 um s' (cor- 
responding to a plectoneme relaxation rate of ~3 Hz; Supplementary 
Information IV), independent of drug concentration. We conclude 
that topotecan-mediated uncoiling by TopIB occurs roughly 20-fold 
slower than uncoiling by TopIB alone. 

Control experiments were performed to exclude the possibility 
that topotecan binding to DNA, or non-specific TopIB—-topotecan 
interactions could result in such slow uncoiling. First, topotecan 
binding did not affect the mechanical properties of DNA (Supple- 
mentary Information V). Second, slow uncoiling was not specific to 
topotecan, occurring also with camptothecin. However, it did not 
occur with Top1(Y723F), a catalytically inactive human TopIB 


a At ie c h 
° j “y Th Ti 
42h . ‘ _ P i ae _ +Turns -—Turns + Turns 
E = E NY E 
= | : s Lanwwnvsornernt = 
= | i 1 § 
2 10 ! @ ~340 400 560 600 7) 
5 Y ea £d e a 
x tart 6 16 : § 
q 5 $ fw | P\ Recoil 348 300 turns 
2 t fa) Religated 
a start 8 ice we a ot 
urns 
0 i fl I totart tend 0 | i ! | 
0 40 80 120 0 | ! | | 80 100 120 140 160 
Time (s) 100 5 620 640 Time (s) 
ime 
f 
50 200 9 55, 20 i 6- 
t 15 
40 Oo 20 # 
= 100 rt + 3 10 
2 30 215+ O5 £ 
5 5 ‘ 5 
8 0 1 2  & ao 0 10 20 30 8 
© 20 10 Religation ti 
Force (pN) eligation time (s) 
10 
: 500 1,000 1,500 0.0 05 10 15 20 25 3.0 ~10 0 10 
At (s) Religation time (s) Aw (Hz) 


Figure 2 | The duration of slow removal and its uniqueness to the removal 
of positive supercoils. a, The duration At for a bound topotecan (grey area) 
is defined as the time period between t,,.;4 and t.,q during which slow and 
constant uncoiling is observed. b, c, Typical illustration (70% of events, 
n= 660) of tetart (b) and tq (€) events. d, toare event in which nicking 
appears directly before the onset of slow uncoiling. e, Event suggestive of a 
topotecan molecule exiting at t.na, after which religation occurs (plateau 
onset at 610s). f, Histogram of At for F = 0.5 pN, with mean of 121 + 11s 
(n = 146), which is not significantly force-dependent (inset). Means are 
numerical averages with the corresponding s.e.m. g, Distribution of TopIB 
religation times, with a most probable religation time of 0.3 s (n = 132) anda 
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slowly decaying tail (inset), giving an average time of 4 s, far below At (121s, 
as shown in f). h, The removal rate of positive (pink areas) and negative (blue 
areas) supercoils in the presence of topotecan. Removal of positive 
supercoils proceeds more slowly. Following the removal of negative 
supercoils, continued slow removal of positive supercoils is verified to 
ascertain that the topotecan molecule remained bound in the interim. The 
rotational position of the magnets, specifying the absolute number of turns 
that are mechanically injected into the DNA, is indicated in green. 

i, Histogram of the difference in uncoiling velocity, Aw, between positive and 
negative supercoils, in the presence of topotecan. 
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Figure 3 | Camptothecin poisoning of TopIB induces accumulation of 
positively supercoiled DNA in G1- and S-phase yeast cells. a, To eliminate 
the potential contribution of positive supercoils induced by replication 
forks, asynchronously growing haploid yeast cells are arrested in G1 phase 
with «-factor. b, Positive supercoils are generated ahead of advancing 
transcription bubbles, and compensatory negative supercoils are generated 
in their wake. Diverging transcription units bisect a plasmid into twin 
domains of positive and negative supercoils. If, in the presence of drug (left), 
positive supercoils are removed more slowly than negative supercoils, the 
plasmid should display an excess of positive supercoils. In the absence of 
drug (right), no asymmetry between the removal rates of positive supercoils 
and negative supercoils is observed (Supplementary Information VII) and 
no net change in linking number (Lk) is expected. c, Two-dimensional 
agarose gel analysis of the Lk distribution of 2 um plasmid topoisomers 
isolated from G1-phase top1A, wild-type TOP2 yeast cells, expressing 
plasmid-encoded human TopIB (TopIB) or vector control, and treated with 
camptothecin (CPT) or no drug for 15 or 60 min. Topoisomer resolution in 
two-dimensional agarose gels is discussed in Supplementary Information 
VI. The shift in topoisomer distribution is quantified by measuring the 
signal intensity of the portion of the arc to the right of the diagonal linear 
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protein, with vaccinia TopIB (which is insensitive to topotecan) or with 
a nick induced by a nicking enzyme (Supplementary Informa- 
tion V). As expected, these experiments show that catalytically active 
human TopIB is required to yield slow uncoiling, consistent with 
the in vivo activity and co-crystal structures of camptothecin analo- 
gues”!”?, We thus conclude that slow uncoiling represents a clear 
signature for a topotecan molecule bound to the TopIB—DNA complex. 

Highly relevant for any consideration of the ‘collision’ model is the 
lifetime of the covalent complex. Consequently, we asked over what 
timescale topotecan remains bound, and thus over what timescale 
TopIB remains covalently linked to the DNA. Figure 2a shows a time 
trace indicating the times at which topotecan enters (fart) and exits 
(tena) the covalent complex. The assignment of fitare occurs after a 
plateau is interrupted by a fast rise in DNA extension as a result of 
DNA cleavage by TopIB, followed by the appearance of slow uncoil- 
ing at fart, Which we attribute to a topotecan molecule entering a 
TopIB-linked nick. Figure 2b—e shows a collection of traces illustrat- 
ing the assignment of fytarr and feng. The majority of events observed 
(~70%) resemble those in Fig. 2b, c. In Fig. 2b, at ~340 s, the mag- 
nets are rotated for a substantial number of turns on two occasions 
(the interruption of the DNA extension signal at 334 and 338s sig- 
nifies rotation), but no plectonemes are introduced. This situation 
corresponds to a nicked DNA resulting from the formation of the 
covalent complex. At fart a topotecan molecule enters the covalent 
complex; at this stage, slow uncoiling is observed. Figure 2c shows the 
abrupt transition from slow to fast supercoil removal, prompting the 
designation of f.,g. The bound time At is defined as tena tar: and 
reflects the time supercoils are enzymatically removed at a constant 
slow rate (shaded box, Fig. 2a). Multiple mechanical recoiling events 
are often required to measure At (four shown in Fig. 2a). Figure 2f 
shows the distribution of At, which has a mean of 121 + 11s (n= 
146) that is unchanged both within the practical force range of the 
technique (Fig. 2f, inset) and by a tenfold change in topotecan con- 
centration (Supplementary Information III). The latter indicates that 
the lifetime is unlikely to be overestimated by topotecan unbinding/ 
rebinding during mechanical recoiling or by the presence of occa- 
sional very short-lived plateaus (Supplementary Information II1). 
We conclude that, in the presence of topotecan, TopIB remains 
trapped on the DNA for at least 121s. This timescale is about 400 
times longer than the religation time in the absence of topotecan 
(Supplementary Information VI), the distribution of which has a 
most probable value of ~0.3s (Fig. 2g), with a tail that extends to 
longer times (Fig. 2g inset). This provides quantitative support for a 
critical aspect of the collision model, namely the topotecan-induced 
increase in the lifetime of the covalent complex. 

We next focused on the enzymatic uncoiling rate of positive versus 
negative supercoils. In the absence of topotecan, no significant dif- 
ference was detected (Supplementary Information VII). However, we 
observe a clear and unexpected difference in supercoil removal rate in 
the presence of topotecan. Figure 2h shows that the uncoiling of 
positive supercoils (pink regions) is significantly slower than the 
uncoiling of negative supercoils (blue region). This asymmetry in 
uncoiling rates is quantified in Fig. 2i as the differential in rates, 
denoted Aw and defined as |~+|—|@_|, where |~4| is the uncoiling 
rate of positive supercoils and |~_| is the uncoiling rate of negative 
supercoils. We find a mean Aw of -8 + 5 Hz (n= 17). The relative 
difference, Aw/|w4|, is -2.4 2.2. The microscopic interactions 
responsible for the asymmetric rate of DNA uncoiling in the presence 
of topotecan were unforeseen by crystallographic studies, which only 
provide a static picture of crystalline TopIB. 


DNA (purple arc) relative to the amount of label detected across the entire 
arc (purple numbers). d, Topoisomer distribution of 2 [um plasmid in top1A, 
wild-type TOP2 yeast cells released into S phase. Here, too, accumulation of 
positive supercoils is observed only when cells express TopIB and are treated 
with camptothecin. 
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To investigate the biological ramifications of the asymmetric hind- 
rance of DNA uncoiling induced by topotecan, we asked if this bias 
was evident in drug-treated yeast cells. Our single-molecule observa- 
tions led us to posit that positive supercoils would accumulate during 
cellular processes that induce DNA supercoiling, such as transcrip- 
tion”. Thus, we treat Gl-phase-arrested top14 TOP2 yeast cells 
(Fig. 3a) expressing low levels of plasmid-encoded human TopIB with 
camptothecin (Fig. 3b, left) or no drug (Fig. 3b, right). Arresting cells 
in G1 phase restricted the analysis to transcription-induced DNA 
supercoiling, and camptothecin was used to avoid drug transporter 
efflux of topotecan’’. Two-dimensional gel electrophoresis (Supple- 
mentary Information VIII) resolves the distribution of purified 2 um 
plasmid DNA topoisomers (Fig. 3c). In the absence of drug (Fig. 3c, 
upper row), an expected bias in the plasmid topoisomer distribution 
towards negative supercoils is observed, caused by DNA wrapping 
around the histone core in nucleosomes. However, camptothecin 
treatment of TopIB-expressing cells in G1 phase induces a remarkable 
skewing of the plasmid topoisomer distribution towards positive 
supercoiling (Fig. 3c, purple numbers quantify the skewing). No 
alteration in linking number was induced by camptothecin treatment 
of vector control cells that lack TopIB (Fig. 3c) or of cells expressing 
the catalytically inactive human Top1(Y723F) mutant (Supplemen- 
tary Information IX); in both experiments the topoisomer distri- 
bution appears as in the case of no treatment. Combined with our 
single-molecule observations, these in vivo findings support a model 
in which the positive supercoils that accumulate ahead of the tran- 
scription bubble are removed less effectively by TopIB in the presence 
of drug than negative supercoils, which leads to a persistent over- 
winding of DNA in the absence of DNA replication in G1 phase. 

Camptothecin toxicity is linked to on-going DNA replication in S 
phase*’, where positive supercoils accumulate ahead of the replica- 
tion fork and are removed by TopIB. To study the effect of camp- 
tothecin treatment on TopIB activity during S phase, cells arrested in 
G1 phase were allowed to synchronously enter S phase by removal of 
a-factor from the culture medium, after which the experiment was 
performed as above (for cell cycle distribution and cell viability data, 
see Supplementary Information X). An analysis of 2 4m DNA topoi- 
somers purified from S-phase cells (Fig. 3d) yields similar results to 
that observed in the Gl-phase experiments: positive-supercoil accu- 
mulation occurs only in TopIB-expressing cells and only in the pres- 
ence of camptothecin. 

In G1- and S-phase, the accumulation of positive supercoils was 
slightly enhanced in yeast cells expressing a thermosensitive Top2 
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Figure 4 | Mechanism of camptothecin-induced toxicity derives from 
TopIB-dependent accumulation of positive supercoils. a, Representation of 
distinct mechanisms potentially underlying camptothecin-induced cell 
death. A (diagrammatically simplified) replication fork generates positive 
supercoils in the DNA, which are removed (magenta arrow) by TopIB 
(blue). In the presence of camptothecin, fork stalling and collapse have been 
predicted to result from the physical collision of the advancing replication 
complex with the drug-stabilized TopIB—DNA covalent complex (right). 
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(Supplementary Information XI). Although Top2 is essential to 
maintain cell viability’®, these observations indicate that the positive 
supercoils induced by camptothecin poisoning of TopIB are not 
effectively resolved by Top2. Thus, camptothecin-induced accu- 
mulation of positive supercoils occurs in a background of other 
topoisomerases, is not confined to a single phase of the cell cycle, 
and may derive from the tracking of a variety of complexes along 
the DNA duplex, including the transcription and _ replication 
machinery. 

Our single-molecule data provide a direct determination of the 
vastly increased lifetime of the covalent TopIB—DNA complex stabi- 
lized by topotecan. However, we also observed a second consequence 
of drug binding: topotecan hinders DNA uncoiling by TopIB such 
that negative supercoils are relaxed more readily than positive super- 
coils. These findings provide a compelling argument for an intri- 
guing, previously unconsidered, mechanism of drug-induced cell 
death (Fig. 4a, left). We propose that positive supercoils generated 
ahead of the fork (which cannot be efficiently removed by drug- 
bound TopIB or wild-type levels of Top2) may hamper fork progres- 
sion. This stalling of the replication machinery could result in fork 
collapse and the formation of potentially lethal DNA lesions that 
induce cell death. 

Implicit in this model is that the ability of camptothecins to selec- 
tively hinder the uncoiling of positively supercoiled DNA by TopIB 
coincides with drug cytotoxicity. Therefore, if the accumulation of 
positive supercoils is predictive of cellular response to this class of 
chemotherapeutics, then cells expressing a catalytically active, yet 
camptothecin-resistant, TopIB mutant enzyme would fail to accu- 
mulate positively supercoiled plasmid DNA in the presence of camp- 
tothecin. To test this critical aspect of the model, top1A yeast cells 
were transformed with a plasmid expressing either wild-type human 
TopIB or the catalytically active, camptothecin-resistant mutant 
TOP1(G365C), which harbours a single amino acid substitution of 
Cys for Gly 365 (ref. 27). Figure 4b shows the 2 11m DNA topoisomer 
distribution from asynchronously growing cells containing wild-type 
TopIB (left) or Top1(G365C) (right). This mutant failed to induce 
positive supercoil accumulation in the presence of camptothecin, in 
full agreement with our proposed mechanism that positive supercoils 
are involved in TopIB-mediated and camptothecin-induced cell 
death. Thus, a single mutation in an otherwise identical cellular 
background provided a stringent test of the specificity of TopIB— 
camptothecin interactions in causing the accumulation of positive 
supercoils associated with camptothecin-induced cell death. 
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Our data suggest a second scenario, in which fork progression and integrity 
are indirectly impaired by unresolved positive supercoils (left). b, Analysis of 
2 «tm DNA topoisomer distribution in asynchronous cultures of top1A cells 
expressing either human wild-type TopIB or a catalytically active, 
camptothecin-resistant Top1(G365C) mutant. These were treated with 
indicated concentrations of camptothecin for 15 min. The accumulation of 
positive supercoils is only observed in drug-treated cells expressing wild- 


type TopIB. 
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METHODS 

DNA constructs. Single-molecule experiments** used A-phage DNA (48 kilo- 
bases (kb) or 16 tum contour length) or half-length A-phage DNA (24 kb or 8 um 
contour length). Measurements of the religation time were performed on shorter 
DNA (8 kb or 2.7 tm contour length) to decrease the magnitude of the brownian 
fluctuations of the bead and to increase the time resolution. 

Enzyme and buffers. Full-length human TopIB and catalytically inactive 
TOP1(Y723F), each containing an amino-terminal Flag epitope, were partially 
purified from galactose-induced cultures of EKY3 top1A yeast cells”. To obtain 
homogenous protein preparations, TopIB fractions, bound to an anti-Flag M2 
affinity gel and eluted with an excess of Flag peptide in Tris-buffered saline 
(50mM Tris (pH 7.4), 150 mM KCl), were applied to a phosphocellulose col- 
umn. Homogeneous TopIB was eluted in TEEG buffer (50 mM Tris (pH 7.4), 
1mM EDTA, 1mM EGTA, 10% glycerol) plus 1.0M KCl and protease inhibi- 
tors, diluted with 50% glycerol and stored at —20 °C. TopIB activity was assayed 
in plasmid DNA relaxation reactions and protein integrity was assessed in 
immunoblots”. 

Strains and plasmids. Saccharomyces cerevisiae strains EKY2 (MATa, top1A) and 
EKY3 (MAT«, top1A) have been described”. For constitutive expression of TopIB 
or TOP1(G365C), the epitope-tagged human TOPI sequences (ehTOP1) were 
excised from YCpGALI-ehTOP1 (ref. 23) or YCpGAL1-top1(G365C) (ref. 27), 
and cloned under the yeast TOP1 promoter in YCpScehTOPleU or 
YCpScehtop1(G365C)eU. The empty vector YCpSceU served as a control. 

In vivo assays and two-dimensional gel electrophoresis. Exponential cultures 
of MATa cells, transformed with YCpScehTOP1eU or vector control, were ar- 
rested in G1 phase with «-factor, then either incubated with additional o-factor 
and 30 uM camptothecin or 0.25% DMSO (v/v) (no drug), or washed by filtra- 
tion and released into $ phase with or without camptothecin. Asynchronous 
cultures, incubated with 1 or 5uM camptothecin for 15min at 30°C, were 
treated as above. To assess the 21m plasmid DNA topoisomer distribution, 
DNA isolated from cultures fixed with toluene/ethanol was resolved by two- 
dimensional gel electrophoresis and subjected to Southern blotting””®. 
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ife ina government laboratory can be pretty good. For a start, the money 
tends to be above average, and job security is usually fairly assured. On 
top of that, employees are free from the everyday administrative and 
teaching duties that they are saddled with at universities. All of this makes 


a career at a government lab sound quite appealing — but the institutions do vary 
from country to country, and even those with a high profile can sometimes find 
themselves on the back foot. 

Over the next two weeks, Naturejobs takes a look at two government labs — the 
Los Alamos National Laboratory in New Mexico (see page 220) and the institutes 
run by the UK Medical Research Council (MRC; see next week's issue). Although 
there are many similarities between the labs, including a strong history of landmark 
discoveries, there are also significant differences. The size of research groups 
tends to be smaller in Britain, for example, and national security concerns have had 
serious repercussions at Los Alamos. 

Indeed, as well as the need to adapt to the changing face of nuclear-weapons 
research, Los Alamos has found itself embarrassed by a series of security lapses. 
These, in turn, have led to changes in management, revamped procedures and, 
ultimately, a degree of staff attrition. Researchers at the lab may not have teaching 
duties, but they do have a veritable mountain of forms to fill out. But despite its 
recent problems, Los Alamos is still lauded for its interdisciplinary, cutting-edge 
research, high number of potential collaborators and ample resources — so it 
should be possible for the management and staff to restore its lost lustre. 

But perhaps the major challenge facing both Los Alamos and the MRC is the 
quest for talent. Although government labs offer good salaries, the private sector 
— whether pharmaceutical companies, biotechnology firms or Internet companies 
— often offers even better. Prestigious labs such as Los Alamos or those run by the 
MRC have their perks and attractions, but even they must strive constantly to find 


the people and research that will keep their decades-old reputations intact. 
Gene Russo, acting editor of Naturejobs 
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FIGHTING BACK 


urrounded by colourful mesas and wide 

swaths of desert grassland in New Mexico, Los 

Alamos National Laboratory (LANL) boasts 

stunning views. Indeed, that beauty is one 
reason why Robert Oppenheimer pushed to house one 
of the nation’s first nuclear-weapons labs there in 1943; 
the location's isolation was another. But things have 
changed since then. The gorgeous surroundings are 
still cited as a reason to work there, but a changing 
weapons mission, security scandals and frustrations 
with the labs administration have left some wondering 
if LANL really is an ideal place to work, after all. 

In its favour, the presence of world-class experts, a 
chance to do science potentially relevant to the nation’s 
security and a lab-wide commitment to maintain 
current levels of basic research continue to bring 
researchers to Los Alamos. Working at a US national 
lab — of which there are some 30 supported by the 
Department of Energy — is an attractive prospect. 
These labs, although often run by an outside university 
or business, nevertheless benefit from a steady stream 
of government money. Scientists still have to seek 
grants, and they must, to varying degrees, perform 
research that fits in with government goals. But the 
sheer diversity of fields yields cross-disciplinary 
opportunities that a university can rarely offer, and the 
support ofa large institution is often helpful fora 
researcher who is just starting out. 

Still, Los Alamos has had some very public problems 
in the past five years, which has left its attractiveness in 
question. The lab is still going through a system-wide 
administration adjustment. Everyone admits it has 
been quite rough at times. 

First, there were the security scandals in 2000, 2003 
and 2004 — splashed all over the news — when 
classified information on disks and drives went 
missing. In July 2004, then-director Pete Nanos shut 
down lab operations in response to what he described 
as “wilful flouting of the rules” by employees. The 
unprecedented tactic resulted in the resignation of 
employees such as Daniel James, who had worked at 
Los Alamos since 1994, and now teaches at the 
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Emerging from 
scandal and 
reorganization, Los 
Alamos National 
Laboratory hopes 
to retain talent and 
remain at the 
cutting edge. 
Karen Fox reports. 
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“Solving problems 
that change 
society is what 
attracted great 
scientists, and 
that is the thing 
we still offer.” 

— Terry Wallace 
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University of 
Toronto. “Nanos started 
screaming at us and shut the lab down, 
but we had to come to work and charge our salary to 
our respective grants,’ says James. “We had to sit at our 
desks and read manuals on safe work practices. ’m a 
theoretical physicist — ‘safe work practices means 
avoiding paper cuts and carpal tunnel syndrome.” 
Several years later, Terry Wallace, LANL’ associate 
director of science, technology and engineering, says 
that 50 researchers (out of more than 9,000) left 
because of Nanos. According to Wallace, many 
other employees agreed that Nanos’s leadership 
was problematic and also complained — but sought 
Nanos’s departure rather than leaving themselves. 


Corporate concerns 
Nanos left in May 2005. But the US government still had 
security concerns, leading to a change in control from 
the University of California to Los Alamos National 
Security (LANS). The University of California remains 
part of the LANS team, but the days of a hands-off 
administration are gone, with an increased emphasis 
on security, safety and profit. Some LANL researchers, 
especially the long-time employees, find the more 
business-like, corporate environment distasteful. Many 
at the lab feared that when LANS came on board, people 
would retire in droves, but that hasn't happened. 

“We haven't seen any change in our rate of 
retirement,” says Wallace. “Scientists don’t really like 
to retire. They continue to stay on, and that's true here 
too.’ But Wallace acknowledges that the lab is still 
going through a painful settling-in process with the 
new management. The current system gives individual 
labs financial rewards based on how safety-compliant 
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the researchers are, and how many security issues they 
have. “Often that doesn’t have to do with science,’ he 
says. “To be the best science lab, these things can be in 
conflict, and reaching equilibrium is going to take a few 
more years.” 

And, of course, there’s the budget. After decades of 
growth — growing from 3,600 employees in 1975 to 
well over double that today — Los Alamos, along with 
many other Department of Energy labs, is cutting back 
on recruitment in response to money restrictions. In 
the case of Los Alamos, the lab has the additional 
expense of paying the new LANS team. LANS charges a 
higher management fee than did the University of 
California, and, because LANS is a corporation, LANL 
has higher taxes. With 9,050 employees (200 fewer than 
last year), the lab is looking to cut back at least another 
300 people. There are fewer new hires — almost none 
who weren't postdocs at LANL — and the 
administration is more involved in recruitment, 
according to Wallace. 

Most of the researchers who focus on weapons 
are close to retirement age, leaving LANL with the 
dilemma of how to retain an important body of 
knowledge while recruiting new talent. It is not offering 
retirement incentives; however, there will undoubtedly 
be more retiring in the next few years, making room for 
new postdocs. Indeed, postdoctoral hiring is the one 
area that has not decreased, despite the shrinking 
budget — that number will stay at 350 at any given 
time, the largest postdoc programme of the US 
physics-based labs. And a postdoctoral fellowship 
continues to be the best route to a long-term position 
at LANL. About one-third of the postdocs are currently 
chosen for full-time positions, although that number is 
predicted to fall a little. 

David Chavez, who converted from a postdoc toa 
full-time organic chemistry researcher in April 2006, 
acknowledges a steep learning curve when he made the 
switch. The various administrative responsibilities 
(such as filing safety and security reports) are 
demanding, but he values the chance to study national 
security problems with a societal impact. “Because of 
the broad range of science that goes on here, my 
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“Because of the 
broad range of 
science that 

goes onhere, 

my intellectual 
capacity is always 
being pushed.” 

— David Chavez 


Sarl 


Fenced in: administration is less hands-off following a series of security scandals at LANL. 
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intellectual capacity is always being pushed, he says. 

The postdocs certainly seem to want to stay. Laura 
Stonehill, who began her postdoc in dark-matter 
research at LANL in 2005, is currently seeking security 
clearance, hoping it will increase her chances of a 
permanent job. The labs diverse research areas enable 
her and her husband, also an employee, to find 
interesting work, and Stonehill loves the intellectual 
stimulation of such a large laboratory. “The transition 
to LANS has definitely been hard on everybody,’ she 
says, “but most of the postdocs are extremely happy.’ 
They like the ample resources and the large number of 
experts, not to mention the gorgeous outdoors and 
“cool-looking mesas’, she says. 

National security — or ‘behind the fence’ — projects 
require an adjustment. Postdoc work has more of a 
basic research focus: Chavez is now careful to make 
sure that his work on energetic materials, used in 
propellants and explosives, is relevant to national 
security. Those not interested in such goal-oriented 
research may be better off at a university. 

“T got the impression Los Alamos was really down on 
things that weren't directly associated with the primary 
mission of nuclear weapons,’ James says. “They say 
differently, but actions speak louder than words.” 
LANL has decided not to reduce the roughly 6% of lab 
funds set aside for basic research. But national security 
is still the major focus. It is a weapons lab, after all. 


New focus 

Nevertheless, the programmatic research is less 
weapons-based than it once was. The Nuclear-Test- 
Ban Treaty (initiated in 1996, and now with 177 

state signatories) put a stop to nuclear-weapons- 
testing explosions, although computer-modelling 
research continues. There is also a new focus on 
nonproliferation research. This can mean anything 
from the more theoretical, such as studying cosmic 
background radiation in an attempt to track uranium 
or plutonium movements anywhere in the world by 
noting radiation footprints, to the more applied, such 
as creating detectors for nuclear materials. 

Other emerging areas include biophysics and physics 
beyond the current model of particles, called the 
standard model. Wallace also emphasizes the need for 
information-science technology skills, regardless of 
speciality. Taking complicated data sets and turning 
them into useful information is crucial for almost every 
aspect of LANL’s work. Indeed, it faces stiff recruiting 
competition from companies, such as Google, that pay 
more. But LANL, says Wallace, offers an environment 
where communal teams of scientists solve problems 
that change society. It's what lures young researchers to 
Los Alamos, he says. “That is what attracted great 
scientists such as [Hans] Bethe and [Richard] 
Feynman, and that is the thing we still offer,” he says. 

For many, the joy of working on applied research 
within such a big intellectual enclave is greater than the 
frustrations of living through a period of administrative 
change at the lab. “There's a joke that the postdocs are 
the only ones who can actually do anything, because the 
rest of us are filling out forms,” says staff member 
Michelle Espy, who has worked at LANL off and on 
since starting graduate school. “But I remain optimistic. 
The lab is going to remain a world-class place to work. I 
just bought a new house — I’m planning to stay.” a 
Karen Fox is a science writer based in Washington DC. 


221 


CAREER VIEW 


NATURE|Vol 448/12 July 2007 


MOVERS 


France Cordova, president, Purdue University, 
West Lafayette, Indiana 


2002-07: Chancellor, 
University of California, 
Riverside 

1996-2002: Vice-chancellor 
for research and professor 
of physics, University of 
California, Santa Barbara 
1993-96: Chief scientist, 
NASA, Washington DC 


The career of France Cordova, the new president of Purdue 
University in West Lafayette, Indiana, was hardly the product 
of planning. Lacking scientific mentors, she majored in 
English at Stanford. She pursued anthropology, journalism 
and education, but wasn't satisfied with any of them. 

Atelevision special on neutron stars, after Neil 
Armstrong's historic visit to the Moon, changed her life by 
sparking an interest in astrophysics. She contacted the 
scientists at the Massachusetts Institute of Technology who 
were featured in the programme and got a summer job in their 
lab — which led to a graduate studentship in astrophysics at 
the California Institute of Technology, and onto a PhD. 

Cordova was attracted to high-energy astrophysics 
because the field was ripe for discovery. “I was in the 
vanguard of a small group of students proposing to do 
multi-wavelength observations to observe cosmic bodies of 
interest,” she says. She then made the seminal discovery — 
soft X-ray pulsations from a class of close binary stars — 
that garnered her multiple job offers. 

A permanent job at Los Alamos National Laboratory gave 
her ten years to start her career without having to move on 
to the next postdoc. Eager to be around students once more, 
she then accepted an offer to head Pennsylvania State 
University's department of astronomy and astrophysics. 
NASA administrator Dan Goldin would eventually select her 
to be the agency's first female chief scientist. 

Goldin not only wanted to diversify the predominantly 
male establishment; he also wanted Cordova to refocus the 
scientific agenda on fundamental questions, including the 
origin and evolution of the cosmos and a search for Earth- 
like planets. “As a result, we had a scientific explosion at 
NASA — particularly in astrophysics,” says Goldin. He also 
asked Cordova to make links among physics, chemistry and 
biology researchers at NASA, develop relationships with 
other agencies and steer NASA's international leadership in 
astrophysics. She delivered on every level, he says. 

She has since overseen two University of California 
research agendas: as vice-chancellor at Santa Barbara and 
chancellor at Riverside. At Riverside she did groundwork 
for California's first new medical school in 45 years. 

“| like complexity and thrive on stress — it keeps me 
energized,” says Cordova. She is now planning to extend 
Purdue's mission to include energy security, agricultural 
sustainability and information technology. “She's going to 
take it to the next level,” says Goldin. a 
Virginia Gewin 
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Engineering a place for women 


In Britain, only 15-20% of women 
with a degree in science, engineering 
and technology (SET) fields are 
working in a SET occupation. Some 
50,000 have left the sector. And 
everyday workplace culture may be 
one major barrier to their recruitment, 
retention and advancement. 
Representatives of universities, 
professional institutions and industry 
gathered at a seminar at the Institute 
of Physics (IOP) in London in late June 
to learn what ‘workplace culture’ 
means, how to assess it and how to 
change it. The seminar was organized 
by the UK Resource Centre for 
Women in Science, Engineering and 
Technology (UKRC), which was set 
up in 2004 with government funding 
to assist employers and individual 
women to tackle the problems. 
Wendy Faulkner, of the Science 
Studies Unit at the University of 
Edinburgh, told delegates that the 
ways in which different individuals 
come to belong to the group may 
affect whether women are accepted. 
She suggested that workplace culture 
included styles of interacting, topics 
of conversation, humour and social 
circles. Crucially, said Faulkner, facets 
of masculine culture (such as football 
discussions and macho attitudes) 
mesh well with the culture of SET 
workplaces. Anecdotes from women 


she has interviewed suggested that 
they found it hard to fit in, whether 
because they couldn't take part ina 
joke or because they weren't seen as 
‘real’ engineers. In some cases, male 
colleagues made inappropriate 
remarks. One woman said she wanted 
to report a culprit, but felt she had 
neither the confidence nor the 
support. Delegates at the meeting 
mutely mouthed recognition. 

Forty companies have made 
changes after using the UKRC's 
culture analysis tool of detailed 
questionnaires for managers and 
staff. Both the IOP and the Royal 
Society of Chemistry have used ‘site 
visits’ to assess cultures in university 
departments. This resulted in the 
IOP's formulation of a code of practice 
for addressing gender issues, 
including “appointment, promotion 
and selection processes and 
procedures that encourage men and 
women to apply for academic posts at 
all levels”. This code could be adapted 
by organizations in other disciplines, 
says Peter Main, director of education 
and training at the IOP. 

Studying and assessing workplace 
cultures is a difficult task. But if it 
helps to retain more women in SET 
fields, it's worthwhile nonetheless. 
Roger Livesey is a public-relations 
officer at UKRC. 


POSTDOC JOURNAL 


Kidney Diseases in Bethesda, Maryland. 


(Almost) in press 


lam currently writing the first manuscript from my postdoctoral research. 
We're very close to submitting to a journal, and | must say that I’m looking 
forward to getting it out the door. The latest edits haven't been about the 
scientific content of the manuscript so much as reshaping the story we are 
telling, arranging the data and sculpting the text to make it more compelling. 
Preparing a manuscript for publication requires more stamina than |'d 
expected. My doctoral adviser and | are still trying to publish the last part of 
my dissertation research: research that was completed months ago. Despite 
its frustrations, the peer-review process seems to have worked well, as two 
rejections have made that manuscript much stronger. Those rejections were 
based not on the science, but on our inability to tell the story clearly. We're 
hoping that simplified explanations and a slight change of focus will do the trick. 
Good science, | think, is as much about lucid communication as about proper 
pipette technique. In an ideal world, there would be other, simpler ways to 
disseminate one's findings than laboriously writing journal articles. Maybe one 
day, self-assembling data will be downloaded directly into interested scientists’ 
brains, bypassing the need to construct an elaborate tale on paper. Until that 
fiction becomes reality, l'd better keep working on my storytelling skills. ia 
Peter Jordan is a visiting fellow at the National Institute of Diabetes and Digestive and 
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A piratical sabbatical 


It's just too good to be true. 


lan Whates 


You're good, you know that? Well yes, I do 
realize that’s what you're paid to be. 

No, really, I wasn’t being a smart-ass... 
sorry. I just never realized it was going to 
be this realistic. 

How it all started? At college; the usual 
vacation-time question: ‘What do I do 
now?’ Everybody’s doing something; even 
my kid sister’s gallivanting around the 
galaxy with her boyfriend. I wasn’t going 
to sit around kicking my heels now, was I? 
Then I saw this ad on campus... 

What? My parents? They're off on some 
pampered luxury cruise: auto-masseuse, 
stimulants-on-tap — the works. 

Anyway, so I see this ad: Pirate Expe- 
rience, the chance to be a buccaneer 
for a few weeks, how cool is that? 

I took the virtual tour and I was 
hooked! 

It was so well put together. We 
were all taken to this deserted cor- 
ner of the old space port. Darkness, 
flickering lights — it already felt 
brimming over with skulduggery, 
even before we were in the air. 

I didn't know any of the others, which 
was part of the adventure. 

No, I didn’t bother asking anyone. 
Pointless — I knew all my friends were 
fixed up already. I would have been too, 
if Marcy hadn't dumped me; the two- 
faced... 

Okay, sorry. We boarded this rickety 
shuttle, and guess what they piped over 
the sound system as we took off? Old sea 
shanties: “Yo-ho-ho and a bottle of rum. 
Stewards even came round with mugs of 
grog. It was all so authentic. 

We docked with a larger craft waiting in 
orbit — The Queen Anne’s Revenge. What 
kind of crazy name for a ship is that? 

Sorry, haven't a clue. I’m not very good 
with ships... a frigate maybe? 

Anyway, we boarded the Queen Anne 
and were each allocated a bunk — not 
hammocks thank goodness, but still pretty 
crude. 

Oh, I'd say 25, maybe 30 of us. I never 
bothered counting. 

We were divided into groups of four or 
five and given a rota of duties. One morning 
it would be minor patch work and repairs 
— there were plenty of those needed — the 
next it might be swabbing the decks... 
I kid you not. If that ship ever had auto- 
clean, it had broken down long ago, or been 
switched off especially for our benefit. 


, 


The mornings were spent on chores, 
while the afternoons were reserved for 
more fun things: gunnery lessons in the 
simulator — I was particularly good at 
that — target practice with pistols in the 
ship’s range, even sword-fighting and 
some hand-to-hand stuff. Never realized 
there was so much involved in being a 


pirate, to be honest. It was exhausting but 
exhilarating. 

In the evenings, after dinner, the lights 
would dim and we‘ sit around a holo- 
fire sipping grog and bumboo from our 
black-jacks — that’s a sort of cup — while 
members of the regular crew told tales of 
famous pirates and their exploits. 

The crew were great; they had all the jar- 
gon and would roar at us to ‘avast’ and say 
‘ahoy’ instead of hello, stuff like that. There 
was even the odd ‘shiver me timbers. 

And then, to cap it all, they ‘discovered’ a 
ship — a big ocean liner, ripe for plunder- 
ing. We knew what that meant: time for 
some real piracy. Sirens sounded and every- 
one ran around. I was assigned to gunnery, 
as Id done so well on the simulators. 

To be honest, the piracy bit wasn’t 
as much fun as I'd hoped. It was mainly 
just waiting around. I wasn't involved in 
actually breaching the cruise-ship’s hull 
— [hadn't done that well at the simula- 
tors, apparently — but was given the job 
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of mopping up. So when two shuttles 
launched from the target after it had been 
breached, I shot them down. 

Three shots, that’s all it took, and I hit 
them both. Big explosions. Wham! 

Of course I’m proud. It was some hot 
shooting and it’s not as if anyone actually 
died, after all. 

That's ridiculous. What reason would I 
have for really plundering an ocean liner? 

Money? Come on, have you any idea 


a how rich my parents are? 


‘s Ha, ha, that’s a good one — no, of 


= 


-—__ course I'm not trying to bribe you. 


Really, Officer, I'm not trying to bribe 
you. 

After the raid? Well, the crew were in 
fine spirits — extra grog all round and 
lots of singing. 

Next morning there were a few 
sore heads and dodgy stomachs, 
I can tell you. But instead of our 
chores we were given these two 
sealed chests... 

Yes, the ones you found us with. 

We were put ashore at some back- 

water planet and told to wait, that 

someone would be along shortly to 
show us where to bury the treasure. 

Well, we waited and waited, until you 
lot showed up and took us all into cus- 
tody. I have to say, the way you came 
- screaming down in that cruiser with 
all those flashing lights and gleaming 
insignia was quite something — very 
convincing. The most authentic part 
so far. 

I realize you've done it many times 
before, that this is just another part of the 
Experience, but even so... 

That’s ridiculous. My folks are major 
wealthy. I’ve no motive for pulling some- 
thing like this in the real world. 

What do you mean ‘inheritance’? 

The ship we hit? I can’t remember. If 
they told us the name, I missed it. 

Golden Star? Sorry, means nothing to 
me. 

My parents’ cruise ship? Oh that’s good, 
that’s really good. You had me going there 
for a minute. 

Lucky for me I know this is all part of the 
package. None of this is real, right? 

Right? a 
During the past year, seven of lan's stories 
have appeared in various books and 
magazines, including Nature, the 
anthologies Glorifying Terrorism and 
BSFA-winning Time Pieces — which lan 
edited and published. 
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